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Abstract
We propose a model of quark flavor based on an additional SU(2) × U(1) local
symmetry in a warped extra dimensional bulk. In contrast to other works, we
break the additional gauge symmetry in the bulk via two complex scalars which
acquire bulk vevs, rather than relying on brane-localized symmetry breaking. A
gauge-covariant Kaluza-Klein decomposition of a theory with a bulk spontaneously
broken gauge symmetry is performed, and exact expressions for the bulk profiles of
all physical particles in such systems are given. The SM quark masses and mixings
are then recreated using gauge-covariant bulk quark mass terms and Yukawa-like
couplings to the new bulk scalars. A numerical sampling of points in the model
parameter space that recreate the quark masses and mixings is performed at a KK
scale of MKK = 5 TeV. We then compute the ∆F = 2 4-quark operators arising
from our new flavor gauge bosons and scalars, and those arising from Kaluza-Klein
modes of SM gauge bosons. By decoupling one of our bulk scalar fields to all quark
fields except the right-handed up-like sector, we find that it is possible to greatly
suppress tree-level contributions to the highly constrained Kaon mixing parameters.
Instead, the dominant constraints on the model emerge from neutral Bd and D
meson mixing. These constraints are explored with our numerical sampling of the
model parameter space, and the specific contribution of the new flavor gauge bosons
and scalars is discussed. We find that for a significant range of realistic flavor gauge
couplings, the new gauge bosons compete with the normally dominant gluon flavor-
changing currents, but flavor-changing operators emerging from the bulk scalar fields
are highly suppressed. Finally, we briefly comment on flavor constraints that are
independent of the flavor gauge sector arising from the Zb¯LbL coupling and rare top
decays.
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1 Introduction
As a theoretical tool, the Randall-Sundrum (RS) model [1–3] has proven itself remark-
ably effective at generating large hierarchies in Standard Model (SM) parameters from
O(1) differences in fundamental parameters. In essence, the scheme proposes that rather
than existing in a 4-dimensional spacetime, we can extend our theory by introducing an
additional warped extra dimension, parameterized by −pi < φ < pi, that is compactified
on an S1/Z2 orbifold with boundaries at the branes φ = 0 (the Planck brane) and φ = pi
(the TeV-brane). The full metric of spacetime is given by
ds2 = e−2σ(φ)ηµνdxµdxν − r2cdφ2, (1)
where σ(φ) ≡ krc|φ|, pirc is the size of the extra dimension, and k ∼ MPl is a parameter
that describes the curvature of the space. If the Higgs field is localized at (or very near)
the TeV-brane, then even if the Higgs vev’s value in the fundamental five-dimensional
theory is roughly equivalent to the 5-dimensional Planck scale (as naturalness would
suggest), the vev in the effective 4-dimensional theory should be suppressed by a factor
of  ≡ e−krcpi relative to the 4-dimensional Planck scale. As a result, for krc ≈ 11 − 12,
the O(1015) discrepancy between the weak scale and the Planck scale (the so-called gauge
hierarchy problem) can be resolved; furthermore, it has been shown that the size of the
extra dimension can be naturally stabilized such that this value is realized [4]. For the
numerical components of our analyses, we assume that krc = 11.3
In addition to addressing the gauge hierarchy, it has been noted that if the SM fermion
and gauge boson fields are allowed to propagate in the bulk, O(1) differences in bulk mass
parameters and TeV-brane localized Yukawa couplings to the Higgs field among different
fermion species can be used to naturally explain the large hierarchies in observed fermion
masses, as well as the small degree of flavor mixing observed in the quark sector [5–12].
However, the promotion of the entire SM field content (except for the Higgs) to bulk
fields leads to the introduction of copious new physics at the scale of MKK ≡ k, and in
particular to new tree-level flavor-changing neutral currents [8–20] at this energy scale.
In spite of the fact that naive operator analysis indicates that any new tree-level flavor
changing processes introduced to the SM must be due to physics at a much greater
scale than MKK , these effects are naturally suppressed in the RS framework due to the
so-called RS-GIM mechanism [14]: New flavor violation effects in the RS model arise
primarily from non-universality of different generations of fermion fields’ couplings to
Kaluza-Klein (KK) modes of gauge bosons, however, the light SM fermions are localized
close to the Planck brane while KK modes of gauge bosons are localized close to the
TeV brane, so these new flavor-changing couplings are suppressed for the light fermions.
The RS-GIM mechanism, however, is not sufficient to suppress flavor-changing processes
to within experimental tolerances alone without either imposing draconian constraints
such as MKK >∼ O(20 TeV) [12, 15–17] or requiring fine tuning of the quark Yukawa
couplings [15, 21]. As such, experimental evidence suggests additional flavor symmetries
must be present in order to render the RS model phenomenologically viable. There
have been a number of proposals in this direction previously [13, 16, 22–28], however, in
1
contrast to earlier work, we present a fully realized flavor gauge sector with a new local
flavor symmetry spontaneously broken entirely in the bulk. Specifically, we present a
novel mechanism of RS flavor protection based on the group SU(2)F × U(1)F . To avoid
the appearance of massless flavor-changing gauge bosons, we then introduce two bulk
complex scalar doublets which attain vacuum expectation values that completely break
SU(2)F×U(1)F , imparting bulk masses to all gauge bosons of the new flavor symmetry. In
addition, because the imposition of the additional flavor symmetry diminishes the number
of independent quark bulk mass terms that we can write in our 5-dimensional theory, we
couple the scalar doublets to the bulk fields in bulk Yukawa-like terms, so that after these
scalars achieve vacuum expectation values we can recreate the observed SM quark masses
and mixings in the effective 4-dimensional theory. Notably, we find that through careful
arrangement of our vacuum expectation values and couplings to the quark fields, we can
entirely eliminate any ∆F = 2 tree-level FCNCs featuring the s quark, except those that
arise from the exchange of bulk scalars. Furthermore, because we find that couplings of
the bulk scalars to the SM-like quarks in our effective 4-dimensional theory are highly
suppressed, we can protect certain sensitive flavor observables, most notably the Kaon
indirect CP violation parameter K , from unacceptably large corrections.
Our paper is laid out as follows. In Section 2, we consider the effective 4-dimensional
theory arising from a toy U(1) gauge symmetry spontaneously broken by a bulk complex
scalar field that acquires a constant vacuum expectation value. In particular, we derive the
bulk profiles of the Kaluza-Klein modes of all physical particles emerging in the theory. In
this toy model, we find that there are three distinct KK towers of physical states: One of
4-dimensional vector gauge bosons, one of scalars that arises from the massive component
of the bulk scalar field, and one of pseudoscalars that arises from a mixture of the fifth
component of the gauge boson and the bulk Goldstone boson. This is consistent with
the analogous calculation in flat space [29]. In Section 3, we outline our treatment of the
SM gauge fields in the bulk, giving expressions for the bulk profiles of each gauge field’s
KK tower modes and including an exact treatment of TeV-brane localized electroweak
symmetry breaking. In Section 4, we outline our treatment of the bulk quark fields,
including exact and approximate expressions for the resultant quark KK towers in the
mass eigenstate basis.
In Section 5, we develop our SU(2)F × U(1)F model of flavor explicitly. First, we
discuss how the bulk flavor gauge symmetry is broken by two complex SU(2)F doublet
scalars in Section 5.1, deriving the bulk masses for the physical bulk scalar fields and the
bulk SU(2)F × U(1)F gauge bosons. Then, in Section 5.2, we place the bulk quark fields
into representations of SU(2)F × U(1)F , and in Section 5.3, we discuss how the observed
quark masses and the CKM matrix are realized in our model, with our methodology for
numerically sampling our model’s parameter space given in Section 5.4.
In Section 6, we derive low-energy effective 4-quark operators deriving from the tree-
level exchange of both the KK modes of the SM gauge bosons and the new gauge bosons
and scalars arising from our flavor symmetry sector. In Section 7, we then compute the
effect of these 4-quark operators on flavor observables; in Sections 7.1-7.3, we discuss
neutral meson mixing processes, finding that the dominant constraints on our model arise
from B¯0−B0 and D¯0−D0 mixing, while in Section 7.4 we address several other significant
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flavor observables which are independent of the new flavor gauge sector, finding them to
be insignificant within our model. Finally, in Section 8, we summarize our findings and
discuss potential future directions of research.
2 Spontaneously Broken Bulk Gauge Symmetry
Because our flavor symmetry has been promoted to a local symmetry broken in the bulk
by scalar fields, it is instructive to explore the new gauge and scalar fields created by this
symmetry in the effective 4-dimensional theory. To begin, we consider the case of a single
U(1) bulk gauge symmetry, broken by a bulk scalar vev. The case for other symmetries,
such as the SU(2) × U(1) bulk symmetry discussed in this paper, is straightforwardly
generalizable from this treatment. To begin, we write the action for the gauge boson A,
with coupling constant gA, and the complex scalar field Φ (with U(1) charge YΦ) prior to
symmetry breaking in the U(1) toy theory as
SA =
∫
d4x
∫
rcdφ
√−G
{
−1
4
GMKGNL(∂MAN − ∂NAM)(∂KAL − ∂LAK)
+ GMN(DMΦ)
∗(DNΦ)− V (Φ)
}
, (2)
DN ≡ ∂N −
√
2pircigAYΦAN ,
where the metric GAB is given by Eq. (1), and
√−G−√|det(GAB)| = e−4σ(φ). Note that
we have defined the gauge coupling constant gA such that it is dimensionless, by including
an extra factor of
√
2pirc in the coupling term. The specific choice of this factor is to mimic
the convention normally used to interrelate bulk gauge coupling constants to their SM
equivalents in RS; in the absence of bulk symmetry breaking, the effective 4-dimensional
coupling constant of the A field’s massless zero-mode would be gA. Additionally, V (Φ)
is simply some potential such that Φ achieves a vacuum expectation value in the bulk.
For the sake of simplicity, for the remainder of the paper we shall assume that this vev
is constant, and not a function of the fifth-dimensional spacetime coordinate φ. An
extension to the case of a non-flat bulk vev would significantly complicate the analysis,
and is therefore beyond the scope of this paper.
Assuming that v/
√
2pirc is the bulk vacuum expectation value of Φ (note that in our
definition of v, we factor out
√
2pirc so that the scale v has mass dimension 1, similar to
our redefinition of gA), we rewrite Φ =
1√
2
(h + iϕ + v/
√
2pirc), where h and ϕ are real
scalar fields. The action then becomes
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SA =
∫
d4x
∫
rcdφ
{
−1
4
(∂µAν − ∂νAµ)2 + e
−2σ
2r2c
(∂φAµ)
2 +
g2AY
2
Φv
2e−2σ
2
(Aµ)
2
+
e−2σ
2r2c
(∂µAφ)
2 − e
−2σ
r2c
(∂µAφ)(∂φAµ)− g
2
AY
2
Φv
2e−4σ
2r2c
(Aφ)
2
+
e−2σ
2
(∂µh)
2 +
e−2σ
2
(∂µϕ)
2 − e
−4σ
2r2c
(∂φh)
2 − e
−4σ
2r2c
(∂φϕ)
2 − b
2k2e−4σ
2
h2 (3)
− gAYΦve−2σAµ∂µϕ+ gAYΦve
−4σ
r2c
Aφ∂φϕ+ interaction terms
}
.
Here, the dimensionless parameter b represents the bulk mass for h which derives
from the potential V (Φ), while ϕ remains without a bulk mass, as a Goldstone boson.
To eliminate mixing between Aµ and the other two fields, we then add the gauge fixing
Lagrangian
Lgf = − 1
2ξ
(
∂µAµ − ξ ∂φe
−2σAφ
r2c
+ ξe−2σgAYΦvϕ
)2
, (4)
which corresponds to a modified Rξ gauge, similar to the choice made in [8,30,31]. Adding
this gauge fixing term and integrating by parts (assuming that, on the orbifold, Aµ, h,
and ϕ are even, while Aφ is odd) finally yields the action
SA =
∫
d4x
∫
rcdφ
{
−1
4
(∂µAν − ∂νAµ)2 − 1
2ξ
(∂µA
µ)2 +
e−2σ
2r2c
(∂φAµ)
2 +
γ2k2e−2σ
2
(Aµ)
2
+
e−2σ
2r2c
(∂µAφ)
2 +
ξ
2
(
e−2σ∂2φe
−2σAφ
r4c
)
Aφ − γ
2k2e−4σ
2r2c
(Aφ)
2
+
e−2σ
2
(∂µϕ)
2 − e
−4σ
2r2c
(∂φϕ)
2 − ξ
2
γ2k2e−4σϕ2 (5)
+
γke−4σ
r2c
Aφ∂φϕ+ ξγke
−2σ
(
∂φe
−2σAφ
r2c
)
ϕ
+
e−2σ
2
(∂µh)
2 − e
−4σ
2r2c
(∂φh)
2 − b
2k2e−4σ
2
h2 + interaction terms
}
,
γ ≡ gAYΦv
k
.
Notably, while the Aµ field does not mix with any other field in this gauge, the Aφ and
ϕ fields do still mix with one another. We shall discuss this mixing, and a method for
exactly determining the Kaluza-Klein spectrum for the Aφ and ϕ fields, in Section 2.3.
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2.1 The Vector Gauge Field Aµ
First, we determine the Kaluza-Klein spectrum of the field Aµ, as has previously been
done in [32]. To begin, we perform the KK decomposition,
Aµ(x, φ) =
1√
rc
∑
n
A(n)µ (x)χ
A
n (φ), (6)∫ pi
−pi
dφχAm(φ)χ
A
n (φ) = δmn.
Applying this to Eq.(5) yields the action
Svector =
∑
n,m
∫
d4x
∫ pi
−pi
dφ
{(
− 1
4
(F (n)µν )(F
(m)
µν )−
1
2ξ
(∂µA
(n)
µ )(∂νA
(m)
ν )
)
χAn (φ)χ
A
m(φ)
+ χAn (φ)
(
− 1
2r2c
(∂φe
−2σ∂φχAm(φ)) +
1
4
γ2k2e−2σχAm(φ)
)
A(n)µ A
(m)
µ
}
. (7)
The orthonormality condition in Eq.(6) automatically produces diagonalized, canoni-
cally normalized kinetic terms for the flavor gauge field’s KK modes in the effective 4-
dimensional theory. To diagonalize the mass terms in Eq.(7), we find χAn (φ) that satisfies
the equation,
− 1
r2c
∂φ(e
−2σ∂φχAn (φ)) + γ
2k2e−2σχAn (φ) = (m
A
n )
2χAn (φ). (8)
This equation can be solved using Bessel functions J and Y (of the first and second kind,
respectively), yielding the solution,
χAn (φ) =
eσ
NAn
ζAδ (z
A
n ) ≡
eσ
NAn
(βAn Jδ(z
A
n ) + α
A
nYδ(z
A
n ))
NAn ≡
(
1
krc2(xAn )
2
[((xAn )
2 − (δ2 − 1))(ζAδ (xAn ))2 − ((xAn )22 − (δ2 − 1))(ζAδ (xAn ))2]
) 1
2
(9)
αAn ≡ −(xAn Jδ−1(xAn ) + (1− δ)Jδ(xAn )), βAn ≡ xAn Yδ−1(xAn ) + (1− δ)Yδ(xAn )
zAn ≡
mAn
k
eσ(φ), xAn ≡
mAn
k
, δ ≡
√
1 + γ2.
Here, the constants αAn and β
A
n are derived from the orbifold boundary condition, ∂φχ
A
n (0) =
0 , while the normalization constant NAn is derived from the orthonormality condition in
Eq.(6). The mass eigenvalues mAn can then be derived from the orbifold boundary condi-
tion at φ = ±pi, which requires that xAn satisfies the equation,
(1− δ)ζAδ (xAn ) + xAn ζAδ−1(xAn ) = 0. (10)
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Notably, unlike the case without a bulk mass term, Eq.(8) does not admit a solution when
mAn = 0 that satisfies the orbifold boundary conditions, ∂φχ
A
n (0) = 0 and ∂φχ
A
n (±pi) = 0.
As a result, excluding cases of extreme fine-tuning [32,33], any gauge field with a non-zero
bulk mass in an RS model will have its lightest states be of mass O(MKK).
2.2 Bulk Scalar h
Next, we address the bulk scalar field h in Eq.(5). Like Aµ, this field does not mix with
any others in Eq.(5), and can therefore be addressed separately. Meanwhile, we assume
that since the vev of Φ is even on the orbifold, h must be even as well, so we impose
even orbifold boundary conditions on this field. We then begin by performing the KK
expansion,
h(x, φ) =
1√
rc
∑
n
h(n)(x)χhn(φ), (11)∫ pi
−pi
dφe−2σχhn(φ)χ
h
m(φ) = δmn,
which yields the action,
Sh =
∫
d4x
∫ pi
−pi
dφ
{
1
2
(∂µh
(n))(∂µh
(m))e−2σχhn(φ)χ
h
m(φ) (12)
+
1
2
χhn(φ)
(
1
r2c
∂φe
−4σ∂φχhm(φ)− b2k2e−4σχhm(φ)
)
h(n)h(m)
}
.
To diagonalize the mass matrix in the effective 4-dimensional theory, then, we need χh(φ)
to satisfy the equation
− 1
r2c
∂φe
−4σ∂φχhn(φ) + b
2k2e−4σχhn(φ) = (m
h
n)
2e−2σχhn(φ). (13)
The solution to this equation, with even orbifold boundary conditions applied, is
χhn(φ) =
e2σ
Nhn
ζhρ (z
h
n) ≡ βhnJρ(zhn) + αhnYρ(zhn),
Nhn ≡
(
1
2krc(xhn)
2
[((xhn)
2 + 4− ρ2)(ζhρ (xhn))2 − (2(xhn)2 + 4− ρ2)(ζhρ (xhn))2]
) 1
2
(14)
αhn ≡ (2− ρ)Jρ(xhn) + xhnJρ−1(xhn), βhn ≡ −((2− ρ)Yρ(xhn) + xhnYρ−1(xhn)),
zhn ≡
mhn
k
eσ, xhn ≡
mhn
k
, ρ ≡
√
4 + b2.
The mass eigenvalues mhn are found, just as in the case of Aµ, using the even orbifold
boundary condition at φ = ±pi, yielding the condition
(2− ρ)ζhρ (xhn) + xhnζhρ−1(xhn) = 0. (15)
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As in the case of the vector gauge field Aµ, we note that Eq.(13) lacks a solution when
mhn = 0 that satisfies the orbifold boundary conditions. As a result, any physical scalars
arising from this mode in the effective 4-dimensional theory will have a mass of at least
O(MKK).
2.3 The Scalars Aφ and ϕ
We next consider the fifth component of the gauge field, Aφ, and the bulk Goldstone
boson ϕ, which, after the addition of the gauge fixing terms given in Eq.(4), have kinetic
and mass terms given by
SAφ,ϕ =
∫
d4x
∫ pi
−pi
rc dφ
{
1
2
e−2σ
r2c
(∂µAφ)
2 +
1
2
e−2σ(∂µϕ)2
− ξ
2
(
∂φe
−2σAφ
r2c
)2
− ξ
2
γ2k2e−4σϕ2 + ξγke−2σϕ
(
∂φe
−2σAφ
r2c
)
(16)
− 1
2
γ2k2e−4σ
(
Aφ
rc
)2
− e
−4σ
2
(
∂φϕ
rc
)2
+ γke−4σ
(
Aφ
rc
)(
∂φϕ
rc
)}
.
Here, we have placed the mass terms in a form that suggests we define new bulk fields,
G and a, as
G ≡ γke−2σϕ− ∂φe
−2σAφ
r2c
, (17)
a ≡ e
−2σ
rc
(∂φϕ− γk Aφ).
In terms of these fields, the bulk mass terms of Eq.(16) simply become −(ξ/2)G2 and
−(1/2)a2. The task of determining the wavefunctions for the KK towers of a and G
then becomes diagonalizing the kinetic terms of Eq.(16) in terms of the new fields. To
accomplish this, we first solve Eq.(17) for ϕ and Aφ. For Aφ, we arrive at
(
γ2k2 − 1
r2c
∂φe
2σ∂φe
−2σ
)
Aφ = −γkrce2σa+ ∂φe2σG. (18)
Invoking the orbifold odd boundary conditions, Aφ|φ=0 = 0 and Aφ|φ=±pi = 0, we can then
find an integral expression for Aφ from Eq.(18), yielding
Aφ =
−σ′eσ
k2δ sinh[δkrcpi]
∫ pi
0
dφ0(e
−σ0∂φ0e
2σ0G(φ0)− γkrceσ0a(φ0)) (19)
×{sinh[δσ] sinh[(σ0 − krcpi)δ]θ(|φ0| − |φ|) + sinh[δσ0] sinh[(σ − krcpi)δ]θ(|φ| − |φ0|)},
7
where σ0 ≡ σ(φ0) and δ is defined as it was in Eq.(9). In Eq.(19), we have explicitly written
the dependence of G and a on the fifth-dimensional coordinate φ0 (while continuing to
suppress its dependence on the four Minkowski coordinates), to reduce confusion due to
the presence of two five-dimensional coordinates in the expression. For ϕ, we arrive at(
− 1
r2c
e2σ∂φe
−2σ∂φ + γ2k2
)
ϕ = −e
2σ
rc
∂φa+ e
2σγkG. (20)
Once we impose the even orbifold boundary conditions ∂φϕ|φ=0 = 0 and ∂φϕ|φ=±pi = 0,
Eq.(20) then yields the result
ϕ =
−krceσ
(1− δ2)k2δ sinh[δkrcpi]
∫ pi
0
dφ0
(
− e
σ0
rc
∂φ0a(φ0) + γke
σ0G(φ0)
)
(21)
× {λδ(σ0 − krcpi)λδ(σ)θ(|φ0| − |φ|) + λδ(σ0)λδ(σ − krcpi)θ(|φ| − |φ0|),
where
λδ(σ) ≡ sinh[δσ]− δ cosh[δσ]. (22)
We also use the definition, δ =
√
1 + γ2, in order to eliminate all appearances of γ in favor
of δ. Eqs.(19) and (21) can then be inserted into the kinetic terms of Eq.(16). Exploiting
the overall evenness of the action under the transformation φ → −φ, we determine that
the G and a fields’ kinetic terms in the action are given by
k2r2c
k4δ2 sinh2[δkrcpi]
∫
d4x
∫ pi
0
∫ pi
0
∫ pi
0
dφ dφ1 dφ2 rc ∂µG(φ1)∂µG(φ2)×{
−k
2e(σ1+σ2)
(1− δ2) ∆1(σ;σ1)∆1(σ;σ2) +
1
r2c
e2(σ1+σ2)(∂φ1e
−σ1∆2(σ;σ1))(∂φ2e
−σ2∆2(σ;σ2))
}
(23)
+
k2r2c
k4δ2 sinh2[δkrcpi]
∫
d4x
∫ pi
0
∫ pi
0
∫ pi
0
dφ dφ1 dφ2 rc ∂µa(φ1)∂µa(φ2)×{
1
r2c (1− δ2)2
(∂φ1e
σ1∆1(σ;σ1))(∂φ2e
σ2∆1(σ;σ2)) + (δ
2 − 1)k2e(σ1+σ2)∆2(σ;σ1)∆2(σ;σ2)
}
,
where
∆1(σj;σi) ≡
{
λδ(σi − krcpi)λδ(σj), |φi| ≥ |φj|
λδ(σi)λδ(σj − krcpi), |φi| < |φj|
(24)
∆2(σj;σi) ≡
{
sinh[σjδ] sinh[(σi − krcpi)δ], |φi| ≥ |φj|
sinh[σiδ] sinh[(σj − krcpi)δ], |φi| < |φj|
Notably, cross-terms of the form ∂µa ∂µG vanish when integrated over φ, and are hence
not included in Eq.(23). The proof of this vanishing is straightforward, albeit lengthy and
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unenlightening, so we omit it here.
Since both the mass terms and the kinetic terms of the action now lack any mixing
terms between a and G, we may move to addressing the two fields separately. We begin
with G, by performing a KK expansion,
G(x, φ) =
1√
rc
∑
n
mGnG
(n)(x)χGn (φ),
∫ pi
−pi
dφχGn (φ)χ
G
m(φ) = δmn. (25)
To achieve a diagonal KK tower of canonically-normalized fields, then, χGn must satisfy
the integral equation,
χGn (φ1) =
k2r2c (m
G
n )
2
k4δ2 sinh2[δkrcpi]
∫ pi
0
∫ pi
0
dφ dφ2 χ
G
n (φ2)×{
− k
2
(1− δ2)e
(σ1+σ2)∆1(σ;σ1)∆1(σ;σ2) +
1
r2c
e2(σ1+σ2)(∂φ1e
−σ1∆2(σ;σ1))(∂φ2e
−σ2∆2(σ;σ2))
}
.
(26)
Integrating over φ, this equation becomes
χGn (φ1) =
(mGn )
2r2c
krcδ sinh[δkrcpi](δ2 − 1)
∫ pi
0
dφ2 χ
G
n (φ2)e
(σ1+σ2)∆1(σ1;σ2). (27)
This integral equation can be expressed as(
− 1
r2c
e2σ∂φe
−2σ∂φ + γ2k2
)
χGn (φ) = (m
G
n )
2e2σχGn (φ), with ∂φχ
G
n (φ)|φ=0,±pi = 0, (28)
where we have converted the integral equation into a differential one (taking care to
properly differentiate ∆1, which includes step functions), and invoked the definition δ =√
1 + γ2. Notably, the differential equation form of Eq.(27) is identical to Eq.(8), as are
their normalization conditions. So, the KK expansion for G may be rewritten as
G(x, φ) =
1√
rc
∑
n
mAnG
(n)(x)χAn (φ), (29)
with χAn (φ) given by Eq.(9). This produces an effective 4-dimensional action for the G
(n)
fields of
SG =
∑
n
∫
d4x
{
1
2
(∂µG
(n)(x))2 − ξ
2
(mAn )
2(G(n)(x))2
}
, (30)
indicating that the G fields may be eliminated from the spectrum of physical particles by
making the gauge choice ξ → ∞, corresponding to the unitary gauge. Hence, the fields
G(n)(x), a mixture of Aφ and ϕ fields, correspond to the Goldstone bosons of the massive
Aµ gauge bosons.
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We now move on to a similar treatment for the a fields, beginning with a KK expansion,
a(x, φ) =
1√
rc
∑
n
mana
(n)(x)χan(φ),
∫ pi
−pi
dφχan(φ)χ
a
m(φ) = δmn. (31)
To ensure that the a(n) fields are canonically normalized, then, we require
χan(φ1) =
k2r2c (m
a
n)
2
k4δ2 sinh2[δkrcpi]
∫ pi
0
∫ pi
0
dφ dφ2 χ
a
n(φ2)×{
1
(1− δ2)2r2c
(∂φ1e
σ1∆1(σ;σ1))(∂φ2e
σ2∆1(σ;σ2)) + γ
2k2e(σ1+σ2)∆2(σ;σ1)∆2(σ;σ2)
}
.
(32)
Integrating over φ then yields the equation,
χan(φ1) = −
1
krc
(man)
2r2c
δ sinh[δkrcpi]
∫ pi
0
dφ2 χ
a
n(φ2)e
(σ1+σ2)∆2(σ2;σ1) (33)
→
(
− 1
r2c
∂φe
2σ∂φe
−2σ + γ2k2
)
χan(φ) = (m
a
n)
2e2σχan(φ), χ
a
n(0) = χ
a
n(±pi) = 0.
The differential equation form of Eq.(33) can be solved, as in the case for the other KK
towers arising in this model, using Bessel functions. The solution is
χan(φ) =
eσ
Nan
σ′ζaδ (z
a
n) ≡
eσ
Nan
σ′(αanJδ(z
a
n) + β
a
nYδ(z
a
n)),
Nan ≡
√
krc

[(ζaδ (x
a
n))
2 − 2(ζaδ (xan))2]
1
2 , (34)
αan ≡ −Yδ(xan), βan ≡ Jδ(xan),
zan ≡
man
k
eσ, xan ≡
man
k
.
By applying the boundary condition at φ = pi to Eq.(34), we arrive at the equation that
each mass eigenvalue man = MKKx
a
n must satisfy, namely
ζaδ (x
a
n) = 0. (35)
The final 4-dimensional effective action for the a(n) fields now takes the form,
Sa =
∑
n
∫
d4x
{
1
2
(∂µa
(n)(x))2 − 1
2
(man)
2(a(n)(x))2
}
. (36)
Notably, just as in the case for Aµ and h, the bulk equation of motion for a, Eq.(33),
lacks a solution that satisfies the boundary conditions when xan = 0, again indicating the
absence of a massless zero-mode state in the KK tower. Additionally, in contrast to the
fields G(n), the masses of the fields a(n) are independent of ξ, and represent a tower of
physical pseudoscalar particles arising from bulk SSB.
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Having derived expressions for the G and a fields’ bulk profiles, it is useful to now
possess expressions for the original bulk scalar fields we considered, Aφ and ϕ, since these
fields appear elsewhere in our action (for example, in couplings to quark fields). For
simplicity, we move to the unitary gauge (ξ → ∞), in which the G fields are infinitely
massive and hence decoupled from the theory. It should be noted that the unitary gauge
here corresponds to the selection, γke−2σϕ = (1/r2c )∂φe
−2σAφ, as opposed to the equivalent
in the absence of any bulk symmetry breaking, in which case the gauge choice is simply
Aφ = 0. Given this gauge choice, we have, from inserting Eqs.(31) and (34) into Eq.(18),
the expressions
Aφ(x, φ) =
1√
rc
∑
n
γkrc
kxan
χan(φ)a
(n)(x), (37)
ϕ(x, φ) =
1√
rc
∑
n
1
krcxan
(e2σ∂φe
−2σχan(φ))a
(n)(x), (38)
for the KK expansions of the fields Aφ and ϕ in the unitary gauge, in terms of the physical
pseudoscalar fields a(n)(x).
2.4 Summing Over KK Modes
In probing the phenomenology of our model, we shall find it useful to evaluate sums of
the form
∑
nF(χA,a,hn (φ1), χA,a,hn (φ2)) over all KK modes n, where F is some function, in
order, for example, to estimate effective four-fermion operators arising from the exchange
of all KK modes of a given field in the low-energy limit. To accomplish this, we exploit
the orthonormality of the various functions χA,a,hn (φ) in order to derive several convenient
summation identities. To do so, we take a modified version of the approach of [8, 34],
exploiting orthonormality relations for the various wavefunctions χA,a,hn . In particular, we
note that [8, 34]∫ pi
−pi
dφχm(φ)χn(φ) = δmn →
∑
n
χn(φ1)χn(φ2) =
1
2
[δ(φ1 − φ2) + δ(φ1 + φ2)]. (39)
First, we evaluate the sum
∑
n χ
A
n (φ1)χ
A
n (φ2)/(m
A
n )
2, which appears in the evaluation of
four-fermion operators from the exchange of the entire Aµ KK tower. From Eq.(7) and
the orbifold boundary conditions ∂φχ
A
n (φ)|φ=0,±pi = 0, we can write
χAn (φ) =
krce
σ
k2δ sinh[δkrcpi]
∫ pi
0
dφ0
eσ0(mAn )
2χAn (φ0)
δ2 − 1 (40)
× [λδ(σ0 − krcpi)λδ(σ)θ(|φ0| − |φ|) + λδ(σ0)λδ(σ − krcpi)θ(|φ| − |φ0|)],
(41)
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where
δ ≡
√
1 +
g2Y 2Av
2
k2
, λδ(σ) ≡ sinh[δσ]− δ cosh[δσ], σi ≡ σ(φi). (42)
Eq.(40) then allows us to write
∑
n
χAn (φ1)χ
A
n (φ2)
(mAn )
2
=
krce
σ2
k2δ sinh[δkrcpi](δ2 − 1)
∫ pi
0
dφ0
(∑
n
χAn (φ1)χ
A
n (φ0)
)
eσ0 (43)
× [λδ(σ0 − krpi)λδ(σ2)θ(|φ0| − |φ2|) + λδ(σ0)λδ(σ2 − krpi)θ(|φ2| − |φ0|)].
Using Eq.(39), we can then write
∑
n
χAn (φ1)χ
A
n (φ2)
(mAn )
2
=
krce
(σ1+σ2)2
2M2KK(δ
2 − 1)δ sinh[δkrcpi]
{
λδ(σ1 − krcpi)λδ(σ2) |φ1| ≥ |φ2|
λδ(σ1)λδ(σ2 − krcpi) |φ1| < |φ2|
.
(44)
Next, we consider the analogous sum for the tower exchange of the scalar field h,
namely,
∑
n χ
h
n(φ1)χ
h
n(φ2)/(m
h
n)
2. From Eq.(13) (and the even orbifold boundary condi-
tions of the h field), we obtain
χhn(φ) =
krce
2σ
k2 sinh[ρkrcpi]
∫ pi
0
χhn(φ0)
ρ2 − 4 [ωρ(σ0 − krcpi)ωρ(σ)θ(|φ0| − |φ|) (45)
+ ωρ(σ0)ωρ(σ − krcpi)θ(|φ| − |φ0|),
where
ρ ≡
√
4 + b2, ωρ(σ) ≡ 2 sinh[ρσ]− ρ cosh[ρσ]. (46)
We can then insert this identity into the sum we wish to evaluate, and proceed identi-
cally to our treatment of the vector gauge boson sum, the only exception being that the
orthonormality relation among the bulk profiles is now given by∑
n
e−2σ2χhn(φ1)χ
h
n(φ2) =
1
2
[δ(φ1 − φ2) + δ(φ1 + φ2)]. (47)
Applying this relation, we arrive at
∑
n
χhn(φ1)χ
h
n(φ2)
(mhn)
2
=
krce
2(σ1+σ2)2
2M2KK(ρ
2 − 4)ρ sinh[ρkrcpi]
{
ωρ(σ1 − krcpi)ωρ(σ2) |φ1| ≥ |φ2|
ωρ(σ1)ωρ(σ2 − krcpi) |φ1| < |φ2|
.
(48)
The sum identities which are required for the exchange of the pseudoscalar boson, a,
are somewhat more complex than the prior cases, due to the highly non-trivial mixing
between the Aφ and ϕ fields which produce it. We shall see that, in order to evaluate
12
the effective four-fermion operators for exchange of the tower of a fields, we shall need to
evaluate several sums, namely,∑
n
(δ2 − 1)k2χan(φ1)χan(φ2)
(man)
4
,
∑
n
k2e2(σ1+σ2)
(krc)2(man)
4
(∂φ1e
−2σ1χan(φ1))(∂φ2e
−2σ2χan(φ2)), (49)
∑
n
k2
√
δ2 − 1
krc(man)
4
(∂φ1e
−2σ1χan(φ1))χ
a
n(φ2),
where δ is defined in the same way as it is in Eq.(40). It should be noted that even
with the (man)
−4 dependence of these sums, they still represent dimension-6 operators;
the k2 terms that multiply each sum in Eq.(49) cancel out the extra factors man in the
denominator. To actually evaluate the sums of Eq.(49), we first use the integral form of
Eq.(33), the equation of motion for χan(φ), to evaluate the sum
∑
n χ
a
n(φ1)χ
a
n(φ2)/(m
a
n)
2
in a manner directly analogous to our discussion leading up to Eq.(44), arriving at
∑
n
χan(φ1)χ
a
n(φ2)
(man)
2
= − krce
(σ1+σ2)2
2M2KKδ sinh[δkrcpi]
{
sinh[δσ1] sinh[(σ2 − krcpi)δ] |φ2| ≥ |φ1|
sinh[(σ1 − krcpi)δ] sinh[δσ2] |φ2| < |φ1|
.
(50)
We can then use Eq.(50) to evaluate the summations listed in Eq.(49). First, we note
that using Eq.(40), we can write∑
n
χan(φ1)χ
a
n(φ2)
(man)
4
= − krce
σ2
δ sinh[δkrcpi]
∫ pi
0
dφ0
(∑
n
χan(φ0)χ
a
n(φ1)
(man)
2
)
(51)
× eσ0(sinh[δσ2] sinh[(σ0 − krcpi)δ]θ(σ0 − σ2) + sinh[δσ0] sinh[(σ2 − krcpi)δ]).
Substituting Eq.(50) into this expression and performing the integration yields the ex-
pression,
∑
n
χan(φ1)χ
a
n(φ2)
(man)
4
=
−krce(σ1+σ2)
8k4(δ2 − 1)δ sinh2[δkrcpi]
(52)
×
(
e2σ> sinh[δkrcpi] sinh[δσ<]λδ(σ> − krcpi) + e2σ< sinh[δkrcpi] sinh[(σ> − krcpi)δ]λδ(σ<)
− δ sinh[(σ1 − krcpi)δ] sinh[(σ2 − krcpi)δ] + −2δ sinh[δσ1] sinh[δσ2]
)
,
where σ>(<) denotes the larger (smaller) value of the pair, σ1 and σ2, and λδ(σ) has the
same definition as it does in Eq.(40). By differentiating functions of the integral expression
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in Eq.(33), we can similarly derive the other sums in Eq.(49). We arrive at
∑
n
e2σ1
(man)
4
(∂φ1e
−2σ1χan(φ1))χ
a
n(φ2) =
−(krc)2e(σ1+σ2)
8k4(δ2 − 1)δ sinh2[δkrcpi]
×
(
− e2σ2 sinh[δkrcpi]λδ(σ> − krcpi)λδ(σ<) (53)
−e2σ1(δ2 − 1) sinh[δkrcpi] sinh[δσ<] sinh[(σ> − krcpi)δ]
+δ sinh[(σ2 − krcpi)δ]λδ(σ1 − krcpi)− δ−2 sinh[δσ2]λδ(σ1)
)
and ∑
n
e2(σ1+σ2)
(man)
4
(∂φ1e
−2σ1χan(φ1))(∂φ2e
−2σ2χan(φ2)) =
(krc)
3e(σ1+σ2)
8k4(δ2 − 1)δ sinh2[δkrcpi]
×
(
− e2σ>(δ2 − 1) sinh[δkrcpi] sinh[(σ> − krcpi)]λδ(σ<) (54)
−e2σ<(δ2 − 1) sinh[δkrcpi]λδ(σ> − krcpi) sinh[δσ<]
+δλδ(σ1 − krcpi)λδ(σ2 − krcpi)− −2δλδ(σ1)λδ(σ2)
)
.
3 SM In the Bulk: Gauge Bosons
In addition to the introduction of new gauge symmetries broken in the bulk, our model
must of course include the SM gauge group SU(3)C×SU(2)L×U(1)Y . While a discussion
on precisely how to realize the bulk SM in warped spacetime is readily available [8, 35,
36], for definiteness and clarity we quote relevant results here, particularly regarding
the electroweak sector. In the absence of any brane-localized symmetry breaking, the
spectrum of physical particles (and their bulk wave functions) arising in the effective
4-D theory of a gauge field is trivially derivable from our treatment of bulk symmetry
breaking in Section 2; in the unitary gauge, it’s simply given by the KK tower of vector
gauge bosons Aµ with the bulk mass set to zero. While this suffices for the gluons, the
electroweak sector is more complex. We employ the treatment of [8], and for greater
detail, we encourage the reader to consult that work. The quadratic terms of the action
of this sector of the theory (in the unitary gauge, which eliminates the fifth component
of the gauge fields) is given by [8]
SA,Z,W,h =
∫
d4x
∫
dφ rc
{
− 1
4
FµνF
µν − 1
4
ZµνZ
µν − 1
2
W+µνW
−µν (55)
+
e−2σ
2r2c
(∂φAµ)
2 +
e−2σ
2r2c
(∂φZµ)
2 +
e−2σ
r2c
∂φW
+
µ ∂φW
−µ
+
δ(|φ| − pi)
rc
[
1
2
∂µH∂
µH − λv2H2 + M
2
Z
2
ZµZ
µ +M2WW
+
µ W
−µ
]}
,
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where Aµ is the bulk vector photon field (and Fµν its corresponding field strength tensor),
Zµ the bulk vector Z field (with its field strength tensor Zµν , W
±
µ the vector W bosons
(with their field strength tensors W±µ ), and H the conventional SM Higgs boson, localized
on the TeV-brane. Here, all the listed bulk fields are even on the orbifold. Kaluza-Klein
decomposition of the bulk fields is performed in the usual way, where for each vector field
we write [8]
Bµ(x, φ) =
1√
rc
∑
n
B(n)µ (x)χ
B
n (φ) (56)
with B = A,Z,W+,W−. In order to produce a diagonalized, canonically-normalized
effective 4-dimensional theory, each vector field must then satisfy [8]
− 1
r2c
(∂φe
−2σ∂φχBn (φ)) = (m
B
n )
2χBn (φ)−
δ(|φ| − pi)
rc
M2Bχ
B
n (φ), (57)
∂φχ
B
n (0) = 0, ∂φχ
B
n (φ)|φ→pi− = −
rcM
2
B
22
χBn (pi),
where again B = A,Z,W+,W−, and mBn is the mass eigenvalue of the n
th Kaluza Klein
mode of the field. The bulk wave functions that satisfy this equation are of the form,
χBn (φ) =
eσ
NBn
ζ¯B1 (z
B
n ),
ζ¯Bq (z
B
n ) ≡ Y0(xBn )Jq(zBn )− J0(xBn )Yq(zBn ),
NBn ≡
1√
2krc
(
ζ¯B1 (x
B
n )
2 − ζ¯B0 (xBn )2 −
2
xBn
ζ¯B1 (x
B
n )ζ¯
B
0 (x
B
n )− 2ζ¯B1 (xBn )
) 1
2
, (58)
where
zBn ≡ xBn e(σ−krcpi), xBn ≡
mBn
k
. (59)
We can find the allowed eigenvalues of xBn , as usual, by finding the roots of the TeV-brane
boundary condition in Eq.(57). In the case of the photon field (and the gluon field, as it
also lacks a brane mass), there’s an additional massless zero-mode that satisfies Eq.(57)
with xAn = 0, in particular, this is given by the field χ
A
0 (φ) = (2pi)
− 1
2 . The W and Z fields
lack this zero-mode, however they do each possess a light mode that corresponds to a SM
W or Z boson, with a wavefunction approximately given by [8]
χW,Z0 (φ) ≈
1√
2pi
[
1 +
(mW,Z)
2
4M2KK
(
1− 1
krcpi
+ 2e2σ(1− 2σ)
)
+O
(
(mW,Z)
4
M4KK
)]
, (60)
where mW (Z) is the mass of the light W (Z) mode in the effective 4-D theory. It should
be noted that the mass relations between W , Z, and the electroweak couplings and
Higgs VEV are altered slightly in the RS framework from their SM forms [8, 10, 37, 38],
however, as these modifications are independent at tree-level from the flavor structure
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we are exploring in this work, we shall not reproduce them in detail here, instead simply
quoting the tree-level corrections to the precision electroweak observables S and T , which
provide tight constraints on any non-custodial RS model with SM fields propagating in
the bulk [8,10,36,37,39]. The tree-level corrections to these parameters are simply [8,40]
S =
2piv2
M2KK
(
1− 1
krcpi
)
, T =
piv2
2 cos2 θWM2KK
(
krcpi − 1
2krcpi
)
. (61)
Because these corrections (in particular the correction to T ) are independent of the flavor
structure, they provide a strong constraint on the KK scale of our model; we shall discuss
the numerical implications of these constraints when we perform a numerical probe of our
model space in Section 5.4.
Finally, we complete our discussion of the SM gauge sector here with a brief review
of some summation identities we shall use when discussing effective 4-fermion operators
that arise from an exchange over the massive particles in the gauge boson Kaluza-Klein
towers. In particular, we have [8]
∞∑
n=0
χW,Zn (φ1)χ
W,Z
n (φ2)
(mW,Zn )2
=
1
2pi(mW,Z)2
(62)
+
1
4piM2KK
[
krcpi
2e2σ< − krcpi2(e2σ1 + e2σ2) + 1− 1
2krcpi
+O
(
(mW,Z)
2
M2KK
)]
,
for the exchange of W or Z towers, where σ< is the smaller of the pair, σ1 and σ2, and
∞∑
n=1
χγn(φ1)χ
γ
n(φ2)
(mγn)2
= (63)
1
4piM2KK
[
krcpi
2e2σ< − 2e2σ1
(
1
2
+ krcpi − σ1
)
− 2e2σ2
(
1
2
+ krcpi − σ2
)
+
1
2krcpi
]
,
for the exchange of photon or gluon towers.
4 Fermions in Warped Spacetime
Before discussing the particulars of our model of flavor, it is useful to outline the general
treatment of chiral fermions in an RS framework. The exact solutions for quark bulk
profiles in the case of multiple generations has been well explored in [5, 8, 42], and rather
than repeating that work, we shall simply restrict ourselves to quoting important results.
In particular, we follow the notation of [8, 21, 40], and for a more detailed discussion of
this treatment, we refer the reader to those works. Generically, the quark fields (arranged
into multiplets as in the SM) will have the action
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Squarks =
∫
d4x
∫ pi
−pi
dφ rc
{
e−3σ(
i
2
Q¯/∂Q + h.c.) + e−3σ(
i
2
u¯/∂u + h.c.) + e−3σ(
i
2
d¯/∂d + h.c.)
− e
−2σ
rc
[Q¯L∂φQR − Q¯R∂φe−2σQL +
∑
q=u,d
(q¯L∂φqR − q¯R∂φe−2σqL)]
− e−4σk sgn(φ)(Q¯ωQQ− u¯ωuu− d¯ωdd) (64)
− 2
krc
δ(|φ| − pi)e−3σ v√
2
[Q¯LY
uuR + Q¯LY
ddR + h.c.]
}
.
Here, Q represents the SU(2)L doublet fields, while u and d represent the up-like and
down-like SU(2)L singlets occuring in the SM, while v ≈ 246 GeV is the standard elec-
troweak Higgs vev. To produce the appropriate spectrum of SM fermions, we impose the
condition that QL, uR, and dR are even on the orbifold, while QR, uL, and dL are odd.
Here, QL,R, uL,R, and dL,R are all 3-component vectors in generation space, while Y
u,d
and ωQ,u,d denote 3× 3 matrices in this space. The matrices ωQ,u,d are simply bulk mass
matrices (rendered dimensionless by factoring out k); note the inclusion of a factor of
sgn(φ) in these terms due to the opposite Z2 parity of the quarks’ left- and right-handed
fields. In this section, we shall assume that the ω matrices are all real and diagonal; gener-
ically this can always be made true by performing rotations on the various quark fields,
and we shall do so explicitly when discussing our model of flavor. For simplicity’s sake, we
have foregone any extensions of the SM gauge group here (beyond our eventual inclusion
of a flavor gauge symmetry), in particular the introduction of a custodial symmetry, which
is often used to mitigate the draconian constraint on RS models from the T parameter,
as in [36, 38–40, 43]. In any event, we find that the constraint on MKK = k from the
T parameter is ultimately secondary to flavor constraints in most regions of parameter
space for our model, so the omission of such a symmetry does not overly constrain our
model.
Armed with our action in Eq.(64), we perform the KK expansions (following the
notation of [8])
QL =
e2σ√
rc
∑
n
C(Q)n (φ)
(
~a
(U)
n u
(n)
L (x)
~a
(D)
n d
(n)
L (x)
)
, QR =
e2σ√
rc
∑
n
S(Q)n (φ)
(
~b
(U)
n u
(n)
R (x)
~b
(D)
n d
(n)
R (x)
)
,
uL =
e2σ√
rc
∑
n
S(u)n (φ)
~b(u)n u
(n)
L (x), uR =
e2σ√
rc
∑
n
C(u)n (φ)~a
(u)
n u
(n)
R (x), (65)
dL =
e2σ√
rc
∑
n
S(d)n (φ)
~b(d)n d
(n)
L (x), dR =
e2σ√
rc
∑
n
C(d)n (φ)~a
(d)
n d
(n)
R (x).
Here, the various ~a and ~b vectors are three-dimensional complex vectors in generation
space, while C
(Q,u,d)
n (φ) and S
(Q,u,d)
n (φ) are diagonal matrices, with each non-zero entry
given by a real function of φ. Given our boundary condition choices for the quark fields,
we see that C
(Q,u,d)
n (φ) consists of functions even under φ→ −φ, while S(Q,u,d)n (φ) consists
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of odd functions. It is straightforward to show that, in order for these KK modes to be
mass eigenstates in the effective 4-dimensional theory, S
(Q,u,d)
n (φ) and C
(Q,u,d)
n (φ) must
satisfy the equations of motion,
− 1
rc
∂φC
(u,d)
n ~a
(u,d)
n +
σ′
rc
ωu,dC
(u,d)
n ~a
(u,d)
n =−mu,dn eσS(u,d)n ~b(u,d)n ,
1
rc
∂φC
(U,D)
n ~a
(U,D)
n −
σ′
rc
ωQC
(U,D)
n ~a
(U,D)
n =−mu,dn eσS(U,D)n ~b(U,D)n , (66)
− 1
rc
∂φS
(U,D)
n
~b(U,D)n −
σ′
rc
ωQS
(U,D)
n
~b(U,D)n =−mu,dn eσC(U,D)n ~aU,Dn + δ(|φ| − pi)eσM(U,D),
1
rc
∂φS
(u,d)
n
~b(u,d)n +
σ′
rc
ωu,dS
(u,d)
n
~b(u,d)n =−mu,dn eσC(u,d)n ~a(u,d)n + δ(|φ| − pi)M(u,d),
where
M(U,D) ≡ 2v√
2krc
eσYu,dC(u,d)n ~a
(u,d)
n , (67)
M(u,d) ≡ 2v√
2krc
eσ(Yu,d)†C(U,D)n ~a
(U,D)
n ,
and the normalization conditions,∫ pi
−pi
dφ eσ
{
~a(U,D)†n C
(U,D)
n C
(U,D)
m ~a
(U,D)
m +
~b(u,d)†n S
(u,d)
n S
(u,d)
m
~b(u,d)m
}
= δnm, (68)∫ pi
−pi
dφ eσ
{
~b(U,D)†n S
(U,D)
n S
(U,D)
m
~b(U,D)m + ~a
(u,d)†
n C
(u,d)
n C
(u,d)
m ~a
(u,d)
m
}
= δnm.
Here, m
u(d)
n is the mass of the nth Kaluza-Klein mode of the up(down)-like quark KK
tower. These conditions yield the solutions [8]
C(U,D)n (φ) = e
σ/2diag
(
~NU,Dn ◦ ~ζQ+ (zu,dn )
)
, S(U,D)n =
−σ′eσ/2
krc
diag
(
~NU,Dn ◦ ~ζQ− (zu,dn )
)
,
(69)
C(u,d)n (φ) = e
σ/2diag
(
~Nu,dn ◦ ~ζQ+ (zu,dn )
)
, S(u,d)n =
σ′eσ/2
krc
diag
(
~Nu,dn ◦ ~ζu,d− (zu,dn )
)
,
~a(U,u,D,d)n =
~b(U,u,D,d)n , ~a
(U,D)†
n ~a
(U,D)
n + ~a
(u,d)†
n ~a
(u,d)
n = 1,
where ◦ is the Hadamard product, that is ~x ◦ ~y = (x1y1, x2y2, ..., xNyN) for two N -
dimensional vectors ~x and ~y. The terms xun, z
u
n, and the three-dimensional (in generation
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space) vectors
~
ζQ,u,d+ ,
~
ζQ,u,d− , and ~N
U
n are given by the expressions
~ζQ,u,d+ (z
u,d
n ) ≡ J− 1
2
−~ωQ,u,d(x
u,d
n )J− 1
2
+~ωQ,u,d
(zu,dn ) + J 1
2
+~ωQ,u,d
(xu,dn )J 1
2
−~ωQ,u,d(z
u,d
n ),
~ζQ,u,d− (z
u,d
n ) ≡ J 1
2
+~ωQ,u,d
(xu,dn )J− 1
2
−~ωQ,u,d(z
u,d
n )− J− 1
2
−~ωQ,u,d(x
u,d
n )J 1
2
+~ωQ,u,d
(zu,dn ), (70)
( ~NUn )i ≡
√
krcx
u
n
(
(xun)
2((~ζU+ (x
u
n))i)
2 + (xun)
2((~ζU− (x
u
n))i)
2 + 2xun(~ωQ)i(
~ζU+ (x
u
n))i(
~ζU− (x
u
n))i
)− 1
2
,
zun ≡
mun
k
eσ, xun ≡
mun
k
,
with the expressions for ~ND,u,dn , z
d
n, and x
d
n given by corresponding definitions. Note that
the definition of ζQ,u,d± (z
u,d
n ) depends on the index n of the Kaluza-Klein mode; there is a
unique ζ+ and ζ− for each mass eigenstate of the quark KK tower. Here, we shall always
have the index of the argument of these functions z
(u,d)
n , be the index n also employed
in all other cases in Eq.(70). So, ζQ+ (z
u,d
n ) and ζ
Q
+ (z
u,d
m ) both uniquely specify different
functions given by Eq.(70) as long as m 6= n. For convenience, it is now useful to define
the matrices
ζ
(U,u,D,d)
± (z
u,d
n ) ≡ diag
(
1
~NU,u,D,dn
ζ
(U,u,D,d)
± (z
u,d
n )
)
. (71)
The mass eigenvalues mu,dn = x
u,d
n MKK for the up-like and down-like quark fields, as well
as their eigenvalues, are then given by solutions to the boundary value equations [8]
− ζ(U,D)− (xu,dn )~a(U,D)n =
v√
2k
Yu,dζ
(u,d)
+ (x
(u,d)
n )~a
(u,d)
n , (72)
− ζ(u,d)− (xu,dn )~a(u,d)n =
v√
2k
(Yu,d)†ζ(U,D)+ (x
(u,d)
n )~a
(U,D)
n . (73)
This can be reimagined as a block eigenvector equation,(
~a
(U,D)
n
~a
(u,d)
n
)
= − v√
2k
Mu,d
(
~a
(U,D)
n
~a
(u,d)
n
)
, (74)
Mu,d ≡
(
0 (ζ
(U,D)
− (x
u,d
n ))
−1Yu,dζ(u,d)+ (x
u,d
n )
(ζ
(u,d)
− (x
u,d
n ))
−1(Yu,d)†ζ(U,D)+ (x
u,d
n ) 0
)
.
The allowed values of xu,dn are then simply the solutions to the equation
Det
(
I6×6 +
v√
2k
Mu,d
)
= 0, (75)
where I6×6 is the 6 × 6 identity matrix, while the eigenvectors ~a(U,u,D,d)n can be found as
components of the corresponding eigenvector, (~a
(U,D)
n ,~a
(u,d)
n ), which we recall from Eq.(69)
has a magnitude equal to unity.
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It is helpful at this point to discuss some subtleties regarding the notation above.
First, rather than treating each fermion generation individually, the treatment we have
employed instead performs KK decompositions on the three-dimensional (in flavor space)
objects QL,R, uL,R, and dL,R. As a result, each of the Kaluza-Klein towers given in Eq.
(65) can be thought of as three towers rolled into one. In the absence of brane-localized
mass terms that mix the generations, each of the KK decompositions in Eq. (65) could
be cleanly separated into different towers for the first, second, and third generations. In
the presence of these terms, as in our current case, each KK mode is a mixture of all three
fermion generations, and such a separation is impossible. Furthermore, we note that the
presence of brane-localized mass terms, each of the KK towers in Eq. (65) would contain
three massless chiral zero modes, corresponding to the zero modes of the three different
generations’ KK towers. With the introduction of the brane mass terms arising from the
TeV-brane localized Higgs field, however, these modes not only mix with one another,
they also acquire three different masses, each well below the scale MKK . We identify
these light modes with the SM quarks: The three lightest KK modes of the up(down)-like
quarks, with masses we denote as m
u(d)
1 , m
u(d)
2 , and m
u(d)
3 , will be identified with the SM
u(d), c(s), and t(b) quarks respectively.
Using our analytical exact expressions for the Kaluza-Klein decompositions of the
quark fields, it is now useful to also give approximate expressions for the bulk profiles of
these light SM-like modes. Unlike the other KK modes of the quark towers, these fields
have masses much lower than MKK , and as such, it is reasonable to approximate them in
the limit as their masses approach zero. These approximations, valid to leading order in
xu,d1,2,3 ≡ mu,d1,2,3/MKK , are given by [8]
C(Q,u,d)n (φ) ≈
√
krc diag
(
F (~ηQ,u,d)e
1
2
(~ηQ,u,d−1)(σ−krcpi)
)
,
S(U,D)n (φ) ≈ sgn(φ)
√
krcx
u,d
n diag
(

1
2
(~ηQ+1)F (~ηQ)
~ηQ
(e
1
2
(~ηQ+1)σ − e− 12 (~ηQ−1)σ)
)
, (76)
S(u,d)n (φ) ≈ −sgn(φ)
√
krcx
u,d
n diag
(

1
2
(~ηu,d+1)F (~ηu,d)
~ηu,d
(e
1
2
(~ηu,d+1)σ − e− 12 (~ηu,d−1)σ)
)
,
~ηQ,u,d ≡ 1 + 2~ωQ,u,d, F (η) ≡ sgn[cos
(pi
2
(η − 1))]√ η
1− η
It should be noted that strictly speaking, the above approximate expressions are not
entirely well-controlled; in particular for the (1,1) and (2,2) components of C
(u)
3 (φ), the
bulk profile corresponding to the left-handed t quark, there are terms proportional to
(xu3)
2 which are rendered quite large. In practice, however, the effect of these corrections
is minimal on final numerical results for quark masses and couplings, so we ignore them
here. For a more detailed discussion of these correction terms, and why their effects on
the flavor physics of the theory are suppressed, we refer the reader once again to [8].
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5 Imposing a Local Flavor Gauge Symmetry: SU(2)F×
U(1)F
Having now discussed how the various elements of our model are realized separately, it is
now necessary to synthesize them and discuss the explicit form of our model of flavor. Our
model extends the SM gauge group in the bulk by adding the additional flavor symmetry,
SU(2)F × U(1)F . Our selection of this specific flavor symmetry is motivated by several
factors. First, due to work exploring two-Higgs doublet models, the vacua of systems
with two complex scalar doublets are well-understood [44] (at least given our assumption,
already mentioned in Section 2, that the vacuum expectation values of our bulk fields
have flat bulk profiles), and we find that it is possible for our two-scalar potential to reach
an absolute minimum in an arrangement that completely breaks the gauge symmetry.
Second, with such a gauge symmetry we can find vacuum expectation values for the two
bulk scalars such that, even when the gauge symmetry is completely broken, the gauge
boson couplings to fermions continue to respect a new conserved flavor charge as if there
were a remaining unbroken U(1) group; this charge conservation is only violated by the
scalar interactions [44]. We shall use this latter quirk in order to protect the highly
sensitive flavor observable K in Section 7.1.
In summary, then, we posit a full theory with a gauge group of SU(3)C × SU(2)L ×
SU(2)F × U(1)Y × U(1)F , which is then broken in the bulk via two scalars in the funda-
mental representation of SU(2)F , down to the SM gauge group SU(3)C×SU(2)L×U(1)Y .
In the following sections, we now embark on a detailed discussion of the group structure
of the model’s matter content and the specific structure of the bulk symmetry breaking.
5.1 Bulk Scalars in SU(2)F × U(1)F
The bulk scalar sector of our model plays two important roles: First, the scalar vacuum
expectation values we posit must fully break the flavor gauge group SU(2)F × U(1)F in
the bulk to avoid the emergence of new light flavor-changing gauge bosons, and second,
these vacuum expectation values must provide adequate flavor symmetry violating quark
bulk mass terms in order to recreate the observed SM quark flavor structure (that is, the
quark masses and the CKM matrix). As the ability of any collection of fields to satisfy the
second of these criteria is strongly dependent on the structure of the quark sector itself, we
begin our model building by focusing on the first, namely, that our flavor gauge symmetry
must be completely broken. We propose a scalar sector consisting of two identical fields,
Φ1 and Φ2, which are given in the fundamental representation of SU(2)F and possess (the
same) charge of 1
2
YH under U(1)F (we shall discuss the value of YH in Sec. 5.2, since it
is ultimately determined by its interactions with the bulk matter fields). This is in some
senses a “minimal” scalar sector, since in order to fully break the gauge symmetry, one
requires no fewer than two complex doublets with vacuum expectation values. The action
of these bulk scalars, including their interaction terms with the SU(2)F gauge bosons A
1,
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A2, and A3 and the U(1)F gauge boson B, is then explicitly given by
SΦ =
∫
d4x
∫
dφ rc
{∑
i=1,2
e−2σ(DµΦi)†(DµΦi)− e
−4σ
r2c
(DφΦi)
†(DφΦi)− V (Φ1,Φ2)
}
,
DM = (∂M − i
√
2pircgAA
a
Mτ
a − i
2
√
2pircgBYHBM). (77)
Here, τa = 1
2
σa are the standard generators of SU(2), gA and gB are the SU(2)F and
U(1)F coupling constants, respectively, and YH/2 is the U(1)F charge of the scalars Φ1
and Φ2 (notably, they possess identical charges). The
√
2pirc term inserted into terms
with gA and gB are added in order to keep the coupling constants themselves dimen-
sionless. Furthermore, they are selected to make gA and gB directly comparable to SM
gauge coupling constants; if we set gA equal to the electroweak SU(2)L gauge coupling
constant, for example, the two forces will have identical bulk gauge coupling strengths.
The potential term V (Φ1,Φ2) is given by
V (Φ1,Φ2) = −µ2(Φ†1Φ1 + Φ†2Φ2) + 2pircλ1((Φ†1Φ1)2 + (Φ†2Φ2)2) + 2pircλ3(Φ†1Φ1)(Φ†2Φ2)
(78)
+ 2pircλ4(Φ
†
1Φ2)(Φ
†
2Φ1) +
1
2
(2pirc)λ5((Φ
†
1Φ2)
2 + (Φ†2Φ1)
2).
Here, all parameters are assumed to be real, and for simplicity, we have required that V is
symmetric under Φ1 → −Φ1, Φ2 → −Φ2, and Φ1 ↔ Φ2. In addition, the first two of these
conditions are important to the structure of our model; were they relaxed, an additional
term of the form, µ212(Φ
†
1Φ2) + h.c. would be permitted. This term vitiates [44] the flavor
charge near-conservation (discussed briefly in the introduction to Section 5) which we shall
use to protect the observable K . The factors of 2pirc included in some terms are inserted
for convenience to keep the coefficients λi dimensionless in a five-dimensional spacetime,
as was done for the gauge couplings. In order to completely break SU(2)F × U(1)F , we
require a vacuum configuration of
〈Φ1〉 =
√
1
4pirc
(
0
vF
)
, 〈Φ2〉 =
√
1
4pirc
(
vF
0
)
, (79)
where we have factored out
√
2pirc from the vacuum expectation value to give the quantity
vF a mass dimension of 1, and factored out a further
√
2 for notational convenience later
on. Note that both scalar vevs have the same magnitude, vF ; this is an unsurprising
consequence of our imposition of a Φ1 ↔ Φ2 symmetry on the potential. We parameterize
Φ1,2 after spontaneous symmetry breaking as
Φ1 = 〈Φ1〉+ 1√
2
(
h1 + ih2
h3 + ih4
)
, Φ2 = 〈Φ2〉+ 1√
2
(
h5 + ih6
h7 + ih8
)
, (80)
where all h fields are real scalars. In agreement with [44], we find that V (Φ1,Φ2) achieves
an absolute minimum in such a configuration, with v2F = 2µ
2(2λ1 + λ3)
−1 provided that
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λ4± λ5 ≥ 0, λ1 ≥ 0, and 2λ1± λ3 ≥ 0. After diagonalizing the mass matrices, we rewrite
the bulk scalar field components in terms of mass eigenstates. Four of the scalar fields
are given bulk masses, namely
H1 ≡ 1√
2
(h1 + h7), m
2
H1
= (λ4 + λ5)v
2
F , (81)
H2 ≡ 1√
2
(h2 + h8), m
2
H2
= (λ4 − λ5)v2F ,
H3 ≡ 1√
2
(h3 − h5), m2H3 = (2λ1 − λ3)v2F ,
H4 ≡ 1√
2
(h3 + h5), m
2
H4
= (2λ1 + λ3)v
2
F .
We note that H1, H2, and H4 are CP -even, while H3 is CP -odd. Additionally, four
Goldstone-like (that is, lacking a bulk mass) fields emerge, which we parameterize as
H5 ≡ 1√
2
(h4 + h6), H6 ≡ 1√
2
(h4 − h6), (82)
H7 ≡ 1√
2
(h1 − h7), H8 ≡ 1√
2
(h2 + h8).
Among these fields, H5 is CP -even, while H6, H7, and H8 are CP -odd.
From Eq.(77), it is also straightforward to derive the bulk mass terms of the gauge
bosons. In terms of the γ variable we used to express bulk mass in 2, originally defined
in Eq.(5), the bulk mass parameters for the flavor gauge bosons are
γB =
gBYHvF√
2k
, γAa =
gAvF√
2k
, a = 1, 2, 3. (83)
Notably, unlike the SM group SU(2)L × U(1)Y broken by the Higgs field, there is no
mixing between any of the SU(2)F gauge bosons and the U(1)F boson; such mixing terms
in the gauge bosons’ mass matrix cancel due to the specific configuration of our bulk vevs.
With these bulk masses, it is then straightforward to derive the full spectrum of physical
particles emerging in the unitary gauge for this system, in direct analogy with Section 2.
In particular, we find that in addition to four KK towers of scalar states emerging from
H1−4, and four towers of vector bosons emerging from A1,2,3µ , and Bµ, four KK towers of
scalar particles arise from mixtures of H8 and A
1
φ, H7 and A
2
φ, H6 and A
3
φ, and H5 and
Bφ, which we shall refer to as a1, a2, a3, and a4 respectively.
5.2 Bulk Matter in SU(2)F × U(1)F
We begin our discussion with the matter fields of the theory. We begin by arranging the
quark fields into SU(2)F ×U(1)F multiplets, such that three generations of a given quark
field are given by one SU(2)F doublet and one SU(2)F singlet. Explicitly, we have the
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bulk fermion fields
U =
(
(U1)+ 1
2
(U2)− 1
2
)
− 1
2
, T = (T0)+1, (84)
u =
(
(u1)+ 1
2
(u2)− 1
2
)
− 1
2
, t = (t0)+1, (85)
d =
(
(d1)+ 1
2
(d2)− 1
2
)
− 1
2
, b = (b0)+1. (86)
Here, U and T are SU(2)L doublets corresponding to the left-handed quark doublets in
the SM, while u(d) and t(b) are SU(2)L singlets, corresponding to the SM up(down)-
like right-handed quark singlets. The subscripts within the multiplet matrices above
refer to the T 3F quantum numbers of the various elements of the multiplet, while the
subscripts outside of the matrices refer to the U(1)F charges of the fields. Motivated
by the fact the third generation quarks, particularly the top quark, are substantially
more massive than the quarks in first two generations, our notation anticipates that up
to mixing due to couplings to the bulk scalar fields and the brane-localized Higgs field,
the SU(2)F singlet quarks shall roughly correspond to the third generation of quarks
(the t and b quarks), allowing these quarks to have bulk masses that differ substantially
from those of the SU(2)F doublet quarks even without the contributions of the bulk
scalars. The various fields’ representations and charge assignments under the remaining
SM gauge group, SU(3)C×SU(2)L×U(1)Y are assumed to be identical to their realization
in the SM. Notably, there are only two unique U(1)F charge assignments within this
model, QFU = Q
F
u = Q
F
d , the U(1)F charge shared by all SU(2)F doublet quarks, and
QFT = Q
F
t = Q
F
b , the charge shared by all SU(2)F singlet quarks. As we shall see shortly,
this is by design, in order to permit the bulk and brane mass terms we require in our theory.
Additionally, our specific U(1)F charge assignments, Q
F
U = −1/2, QFT = +1, are selected
specifically to avoid chiral anomalies in the effective 4-dimensional theory stemming from
the light SM-like quarks. In general, we find that in order to avoid anomalies while
simultaneously satisfying our requirement that QFU = Q
F
u = Q
F
d and Q
F
T = Q
F
t = Q
F
b , we
find that QFT,t,b = −2QFU,u,d. In Eq.(84), we have fixed QFT,t,b = +1, and shall continue to
do so for the remainder of this paper.
The bulk mass terms of the quark fields then arise from fundamental terms which re-
spect the gauge symmetry SU(2)F × U(1)F and symmetry-breaking terms which emerge
from Yukawa-like interactions with the scalars Φ1,2 introduced in Section 5.1. Supple-
mented by brane mass terms arising from a TeV-brane localized Higgs field, we arrive at
24
the action
Sq =
∫
d4x
∫
dφ rce
−4σ
{ ∑
Q=U,T,u,t,d,b
(
eσ
i
2
Q¯ /DQ+
1
rc
i
2
Q¯(iγ5)DφQ
)
+ h.c.
−
∑
Q=U,T
sgn(φ) νQkQ¯Q +
∑
q=u,t,d,b
sgn(φ) νqkq¯q (87)
−sgn(φ)√2pirc
(
yQΦ2U¯T + y
dΦ2d¯b+ y
u
1 Φ1u¯t+ y
u
2 Φ2u¯t
)
+ h.c.
− 2
krc
δ(|φ| − pi)eσ v√
2
[YuU¯LuR + YtT¯LtR + YdU¯LdR + YbT¯LbR + h.c.]
}
.
Here, νU,T,u,t,d,b are all assumed to be real numbers, and for the sake of simplicity we
likewise require yQ,d and yu1,2 to be real. This latter requirement does not actually result
in a loss of generality, since any nontrivial phases in the y parameters can be absorbed
into redefinitions of the complex brane-localized Yukawa couplings, Yu,t,d,b. We also have
kept yQ,d and yu1,2 dimensionless, by factoring out
√
2pirc, as we have done with bulk gauge
couplings. In the above action, we have made several non-trivial assumptions about the
form of the bulk Yukawa couplings. Most notably, we have assumed that Φ1 is only
coupled to the quark sector through the fields u and t, and NOT to the fields U , T , d,
and b. This is an ad hoc assumption motivated by phenomenological considerations; we
shall find that in the absence of any couplings of Φ1 to the SU(2)L doublet and down-like
singlet fields, we can numerically reproduce the observed spectrum of quark masses and
mixings, and that dangerous contributions to flavor observables, in particular K , can
be highly suppressed. In a more general realization of this model, we anticipate that
harsh limits on couplings of Φ1 to U , T , d, and b could be derived from the emergence
of additional flavor-changing interactions at tree level, however such a detailed study is
beyond the scope of this paper.
It should also be noted that the sgn(φ) term included in front of the bulk Yukawa
coupling terms is also somewhat ad hoc, since the bulk scalars themselves are orbifold
even fields in order to allow a flat bulk vev. Ultimately this sign change is a concession
to simplicity: In order to eliminate it we would require an orbifold odd vev, which would
necessarily have a non-flat profile in the bulk. While a full exploration of the case of bulk
spontaneous symmetry breaking by orbifold odd scalars in RS is far beyond the scope
of this current work, we do note that qualitatively we expect comparatively little change
from the results we derive from a flat vev. In particular, we find that an orbifold odd
scalar can still produce bulk masses (albeit no longer constant in the extra dimension
coordinate φ) for the bulk gauge fields, and that the field definitions given in Eq.(17)
can still be used to diagonalize the bulk mass terms Eq.(16). As such, we anticipate
that requiring the bulk scalars Φ1 and Φ2 to be orbifold odd, and possess non-flat bulk
vevs,would substantially complicate the analysis of our model, but is not likely to effect
any greater change than altering the spectrum and bulk profiles of KK flavor gauge and
scalar bosons; spontaneous symmetry breaking and the emergence of the new towers of
scalar modes arising as mixtures of components of Φ1,2 and the fifth component of the
bulk flavor gauge bosons will still take place. It should also be noted that, in [9], much
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of the parameter space of a single orbifold odd bulk scalar potential resulted in bulk vevs
closely approximated by expressions of the form, vF sgn(φ), and if similar results hold
for a multi-scalar potential such as we have presented here (namely, that our resulting
bulk vevs are identical to those given in Eq. (79), only multiplied by sgn(φ)), we would
expect that fermion and flavor gauge boson bulk profiles and spectra would be given
to excellent approximation by the results we derive from our flat vev, and among flavor-
changing couplings only those involving the bulk scalars, which we shall see are suppressed
relative to the other new physics couplings in the model, would undergo any significant
alteration. Therefore, to avoid introducing additional complications into our model, we
satisfy ourselves with orbifold even bulk scalars and introduce the additional sgn(φ) terms
in our bulk Yukawa couplings by hand.
From this action, we also see that the requirement that each SU(2)F doublet share the
same U(1)F charge, and each SU(2)F singlet do likewise, is essential to avoid unnecessarily
complicating the SM-like Higgs sector. Were this condition not satisfied, then the SM
Higgs would have to be charged under U(1)F in order to produce the brane-localized
mass terms in Eq.(87). This would in turn dramatically complicate a treatment of the
Higgs, including possibly resulting in additional brane mass terms emerging for the U(1)F
flavor gauge boson. Furthermore, depending on these charge assignments, some of the
brane-localized mass terms of Eq.(87) might be forbidden unless additional Higgses, each
with different U(1)F charges, were added to the theory. By instead making the charge
assignments of U , u, and d, identical and doing the same for the charge assignments of
T , t, and b, we sidestep all of these issues and allow the SM Higgs to remain in the trivial
representation of SU(2)F × U(1)F . We also note that, given our charge assignments in
Eq.(84), we can now deduce the U(1)F charge of the Φ1,2 fields from the form of the
interaction terms with Φ1,2 in Eq.(87)– it must be −3/2, and hence the quantity YH in
Section 5.1 is YH = −3 here.
At this point, in order to bring our model in line with our discussion of RS fermions
in Section 4, we need to diagonalize the bulk masses of our various bulk quark fields.
We begin the process of doing so by rewriting the bulk mass terms in Eq.(87) as mass
matrices, yielding
Sq,mass =
∫
d4x
∫
dφrce
−4σ
{
k sgn(φ)(u¯1, u¯2, t¯)
 νu 0 −
yu2√
2
vF
k
0 νu − y
u
1√
2
vF
k
− yu2√
2
vF
k
− yu1√
2
vF
k
νt

u1u2
t

+ k sgn(φ)(d¯1, d¯2, b¯)
 νd 0 −
yd√
2
vF
k
0 νd 0
− yd√
2
vF
k
0 νb

d1d2
b
 (88)
− k sgn(φ)(U¯1, U¯2, T¯ )
 νU 0
yQ√
2
vF
k
0 νU 0
yQ√
2
vF
k
0 νT

U1U2
T
}.
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Then, it is possible to express these mass matrices as rotated diagonal matrices, writing νu 0
−yu2√
2
vF
k
0 νu
−yu1√
2
vF
k
−yu2√
2
vF
k
−yu1√
2
vF
k
νt
 = WTu
12(ηu1 − 1) 0 00 1
2
(c2uη
u
1 + s
2
uη
u
3 − 1) 0
0 0 1
2
(ηu3 − 1)
Wu,
 νd 0
−yd√
2
vF
k
0 νd 0
−yd√
2
vF
k
0 νb
 = WTd
12(ηd1 − 1) 0 00 1
2
(c2dη
d
1 + s
2
dη
d
3 − 1) 0
0 0 1
2
(ηd3 − 1)
Wd,
(89) νU 0
yQ√
2
vF
k
0 νU 0
yQ√
2
vF
k
0 νT
 = WTQ
12(ηQ1 − 1) 0 00 1
2
(c2Qη
Q
1 + s
2
Qη
Q
3 − 1) 0
0 0 1
2
(ηQ3 − 1)
WQ.
We define the rotation matrices as
Wu ≡
cHcu cusH −su−sH cH 0
cHsu sHsu cu
 , Wd ≡
cd 0 −sd0 1 0
sd 0 cd
 , WQ ≡
cQ 0 −sQ0 1 0
sQ 0 cQ
 . (90)
In Eqs.(89) and (90), we have introduced 6 real localization parameters, ηQ,u,d1,3 (our variable
selection here is informed by the usefulness of the quantity ηQ,u,di in the approximate
expressions for the bulk profiles of the SM-like fermions, given in Eq.(76)), and 4 angles,
θu,d,Q,H , where we have defined si ≡ sin(θi) and ci ≡ cos(θi). It shall also be useful to
express our original y and ν parameters in terms of these new parameters; we derive the
relations
νu =
1
2
(c2uη
u
1 + s
2
uη
u
3 − 1), νt =
1
2
(s2uη
u
1 + c
2
uη
u
3 − 1),
νd =
1
2
(c2dη
d
1 + s
2
dη
d
3 − 1), νb =
1
2
(s2dη
d
1 + c
2
dη
d
3 − 1), (91)
νU =
1
2
(c2Qη
Q
1 + s
2
Qη
Q
3 − 1), νT =
1
2
(s2Qη
Q
1 + c
2
Qη
Q
3 − 1),
for the ν parameters, and
yd√
2
vF
k
= −1
2
(ηd3 − ηd1)sdcd,
yQ√
2
vF
k
=
1
2
(ηQ3 − ηQ1 )sQcQ, (92)
yu1√
2
vF
k
= −1
2
(ηu3 − ηu1 )cHcusu,
yu2√
2
vF
k
= −1
2
(ηu3 − ηu1 )sHcusu.
for the bulk Yukawa-like couplings yQ,d and yu1,2. The bulk quark fields can then be put
in the form of Section 4, with diagonal bulk mass matrices and non-diagonal brane mass
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terms, by defining new fields rotated by the WQ,u,d matrices,u′1u′2
t′
 = Wu
u1u2
t
 ,
d′1d′2
b′
 = Wd
d1d2
b
 ,
U ′1U ′2
T ′
 = WQ
U1U2
T
 . (93)
In terms of these new fields, we arrive at the brane-localized Yukawa matrices in terms of
the matrices Yu and Yd given in Section 4, which have the form
Yu =
YucHcQcu + YtsQsu −YucQsH YucHcQsu − YtcusQYucusH YucH YusHsu
YucHcusQ − YtcQsu −YusHsQ YtcQcu + YucHsQsu
 , (94)
Yd =
YdcdcQ + YbsdsQ 0 YdcQsd − YbcdsQ0 Yd 0
YdcdsQ − YbcQsd 0 YdsdsQ + YbcdcQ
 .
It should be noted that the rotation matrices WQ,u,d do not only affect the brane-localized
Yukawa terms; thanks to our field redefinition, these same rotation matrices now also ap-
pear in any term in the action that features a non-universal coupling to different matter
generations. In particular, these same rotation matrices shall appear again when comput-
ing couplings of various quark fields to the flavor gauge bosons, scalars, and pseudoscalars
discussed in Section 5.1. It is also important to note that, because of the form of WQ
and Wd, the down-like Yukawa matrix in Eq.(94) only contains mixing between the first
and third generations. In particular, then, we see that the second generation down-like
quarks therefore have no mixing with other generations in the effective 4-D theory; for all
second-generation quarks, the eigenvectors ~aD,dn = (0, 1/
√
2, 0), up to an overall complex
phase. This is exceedingly consequential for flavor physics within our model, in particular,
we shall see later that this design prevents any tree-level flavor-changing neutral currents
featuring s quarks, unless mediated by the new vector bosons and scalars introduced with
the additional gauge group SU(2)F × U(1)F .
With our fermion action now in the form we have addressed in Section 4, we now can
use the results given there in order to derive the flavor mixing properties of the SM-like
quarks emerging in this model, in particular determining the conditions under which our
model recreates the CKM matrix.
5.3 The CKM Matrix in SU(2)F × U(1)F
Following common practice in such analyses (see [8,12,42]), we determine the conditions
under which the CKM quark mixing matrix is recreated under the so-called zero-mass
approximation (ZMA), in which the bulk profiles of the SM-like quark fields are given by
Eq.(76). Again here, as in Section 4, our treatment is based heavily on that of [8], and
for greater detail regarding the nature of flavor mixing matrices in the RS we refer the
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reader to that work. To begin, we implement the ZMA by making the substitutions,
C
(Q)
1,2,3(φ)~a
(U,D)
1,2,3 →
√
krc
2
diag
(
F (~ηQ)e
1
2
(~ηQ−1)(σ−krcpi)
)
aˆ
(U,D)
1,2,3 .
C
(u,d)
1,2,3(φ)~a
(u,d)
1,2,3 →
√
krc
2
diag
(
F (~ηu,d)e
1
2
(~ηu,d−1)(σ−krcpi)
)
aˆ
(u,d)
1,2,3 , (95)
SU,D1,2,3(φ)~a
(U,D)
1,2,3 → sgn(φ)
√
krc
2
xu,dn diag
(

1
2
(~ηQ+1)F (~ηQ)
~ηQ
(e
1
2
(~ηQ+1)σ − e− 12 (~ηQ−1)σ)
)
aˆ
(U,D)
1,2,3 ,
Su,d1,2,3(φ)~a
(u,d)
1,2,3 → −sgn(φ)
√
krc
2
xu,dn diag
(

1
2
(~ηu,d+1)F (~ηu,d)
~ηu,d
(e
1
2
(~ηu,d+1)σ − e− 12 (~ηu,d−1)σ)
)
aˆ
(u,u)
1,2,3 .
The function F (η) is defined in Eq.(76), while we have rescaled the complex vectors
~aU,D,u,dn appearing in Section 4, which normally have magnitudes equal to
1√
2
(this is
straightforward to derive), into complex unit vectors aˆU,D,u,dn . The mass terms for the
SM-like quarks appearing in the effective four-dimensional theory are then
Sq,mass = − v√
2
~¯uLMu~uR − v√
2
~¯dLMd~dR + h.c., (96)
(Mu,d)ij = (Yu,d)ijF (ηQi )F (ηu,dj ), (97)
where in our model, Yu,d are given by Eq.(94). Here, ~uL,R and ~dL,R are three-dimensional
vectors in flavor space, representing the three generations of up- and down-like quarks.
Additionally,Mu,d should not be confused with the variable of the same name defined in
Eq.(74); they are unrelated. The crux of the ability for the RS model to generate fermion
mass hierarchies lies in the function F (η); even if the elements of Yu,d are roughly of
the same order of magnitude, the exponential dependence of F (η) on bulk localization
parameters means that the effective Yukawa couplings experienced by each field can vary
significantly; enough even to recreate the substantial mass hierarchy and suppressed mix-
ing present among SM quarks, as has been mentioned and explored in [5, 7–9,12, 37]. To
find the quark mixing matrices here, we simply need to diagonalize the matricesMu,d,
by finding unitary matrices Uu,dL,R such that
Mu,d =
√
2k
v
Uu,dL
xu,d1,0 0 00 xu,d2,0 0
0 0 xu,d3,0
 (Uu,dR )†, (98)
where xu,di,0 are simply matrix eigenvalues here, related by a proportionality constant to
the eigenvalues ofMu,d. In the language of the ZMA substitutions of Eq.(95), we have
(aˆu,dn )i = (U
u,d
R )in, (aˆ
U,D
n )i = (U
u,d
L )in, (99)
where i and n are indices in three-dimensional generation space. Note that we use the
index n here, reminiscent of our notation for the indices of a Kaluza-Klein tower. This is
by design; in the exact theory, aˆU,u,D,dn are just rescaled versions of the mass eigenvectors
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~aU,u,D,dn of the fermion fields discussed in Section 4, and the indices n = 1, 2, 3 correspond
to the SM-like quarks, with masses far below MKK . Meanwhile, the CKM matrix in this
approximation is simply
VCKM = (U
u
L)
†UdL. (100)
In order for our model to be consistent with experiment, therefore, we must find sets
of theoretical parameters such that the values xu,d1,2,3 are consistent with measured quark
masses, and Uu,dL recreate the CKM matrix. To evaluate whether or not the latter re-
quirement is satisfied, we use the Wolfenstein parametrization of the CKM matrix [41],
λ =
|Vus|√|Vud|2 + |Vus|2 , A = 1λ
∣∣∣∣VcbVus
∣∣∣∣, ρ¯− iη¯ = −V ∗udVubV ∗cdVcb , (101)
and require that the mixing matrices Uu,dL produce results consistent with the experimen-
tally measured values [59],
λ = 0.22453± 0.00044, A = 0.836± 0.015, (102)
ρ¯ = 0.122+0.018−0.017, η¯ = 0.355
+0.012
−0.011. (103)
In order to actually probe the parameter space of our model, we now take advantage
of hierarchical differences in the magnitude of F (η) terms inMu,d in order to produce
approximate analytical expressions for both the mass eigenvalues xu,d1,2,3 and the Wolfen-
stein parameters A, λ, ρ¯, and η¯. In particular, we assume (following the work of [8]) that
|F (ηQ,u,d1 | << |F (ηQ,u,d2 )| << |F (ηQ,u,d3 )|, and evaluate the approximate diagonalization
matrices Uu,dL,R and eigenvalues x
u,d
1,2,3 in this limit. For the quark masses evaluated at the
scale MKK = k, we obtain the expressions,
2m2d
v2
≈
∣∣∣∣ YbYdYbcQcd + YdsQsd
∣∣∣∣2|F (ηQ1 )F (ηd1)|2, 2m2uv2 ≈ |Y¯t − Yu|2|Yu|2|Y¯t|2c2uc2Qc2H |F (ηQ1 )F (ηu1 )|2,
2m2s
v2
= |Yd|2|F (ηQ2 )F (ηd2)|2,
2m2c
v2
≈ |YuY¯t|
2c2H
|Y¯t − Yus2H |2
|F (ηQ2 )F (ηu2 )|2,
(104)
2m2b
v2
≈ |YbcQcd + YdsQsd|2|F (ηQ3 )F (ηd3)|2
2m2t
v2
≈ s
2
Qs
2
u
c2H
|Y¯t − Yus2H |2|F (ηQ3 )F (ηu3 )|2,
Y¯t ≡ 1
sQsu
(YtcucQcH + YusQsu),
in which small correction terms terms proportional to |F (ηQ,u,di )|2/|F (ηQ,u,dj )|2 with i < j
have been dropped. Naively, these ratios should have roughly the same order of magnitude
as the square of the ratio of the ith generation quark mass to the jth generation quark
mass, which is invariably at most of O(10−2). In practice, we find that these corrections
are at most at the 1% level, and usually are closer to the O(10−3) level. As such, we
find it well-motivated to ignore these subleading contributions. In Eq.(104), we have
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introduced a new variable Y¯t, which we shall find to be convenient later when solving for
the appropriate bulk localizations to reproduce quark masses and mixings. We next apply
a similar treatment to the Wolfenstein parameters, arriving at
λ2 ≈
∣∣∣∣F (ηQ1 )F (ηQ2 )
∣∣∣∣2 |Y¯t − Yu|2s2H|Y¯t|2c2Qc2H (1 + ∆λ2),
A2λ4 ≈
∣∣∣∣F (ηQ2 )F (ηQ3 )
∣∣∣∣2 |Yu|2s2Hc2H|Y¯t − Yus2H |2s2Q (1 + ∆A2λ4), (105)
ρ¯− iη¯ ≈ (YbYucdcQ + YdYusdsQ − Y¯tYdsdsQ)(Y¯t − Yus
2
H)
s2H(YbcdcQ + YdsdsQ)(Y¯t − Yu)Yu
(1 + ∆ρ¯−iη¯),
Here, we have included subleading terms (labelled ∆) in our expressions for the Wolfen-
stein parameters. These quantities are sums of terms proportional to |F (ηQ,u,d1 )|2/|F (ηQ,u,d2 )|2
or |F (ηQ,u,d2 )|2/|F (ηQ,u,d3 )|2, i.e. terms suppressed by the hierarchies between successive
generations of quark bulk profiles. Although it is possible to omit such terms in the ap-
proximate expressions for quark masses within our model, we find that in order for the
analytical expressions of Eq.(105) to be accurate enough to reproduce the Wolfenstein pa-
rameters to within experimental uncertainties, these correction terms must be included.
The full expressions for the ∆ terms are lengthy and unenlightening (they are included in
full in Appendix A), however we may use them, combined with the leading-order solutions
to Eqs.(104) and (105), to approximately re-express the ∆ terms using the quark masses
and Wolfenstein parameters themselves. Doing so yields the relations,
∣∣∣∣F (ηQ1 )F (ηQ2 )
∣∣∣∣2 ≈ λ2 |Y¯t|2c2Qc2H|Y¯t − Yu|2s2H (1−∆λ2)∣∣∣∣F (ηQ2 )F (ηQ3 )
∣∣∣∣2 ≈ A2λ4 s2Q|Y¯t − Yus2H |2|Yu|2c2Hs2H (1−∆A2λ4)
Yb ≈ Yd (Y¯t − Yu)sdsQ
YucdcQ
× (106)[
1 +
Y¯t(ρ¯− iη¯)s2H
Y¯t − Yus2H − (Y¯t − Yu)(ρ¯− iη¯)s2H
(
1− (Y¯t − Yus
2
H)∆ρ¯−iη¯
Y¯t − Yus2H − (Y¯t − Yu)(ρ¯− iη¯)s2H
)]
∆λ2 ≈ −λ2 − 2Re[(Y¯
∗
t − Y ∗u s2H)(Y¯t − Yu)]s2H
|Y¯t − Yus2H |2
m2u
m2c
1
λ2
,
∆A2λ4 ≈ −(2ρ¯− 1)λ2 − A2λ4 − 2Re
[
Y ∗u
Y¯ ∗t
]
m2c
m2t
s2H
A2λ4
,
∆ρ¯−iη¯ ≈ Y
∗
u
Y¯ ∗t
m2c
m2t
s2H
A2λ4
+
Y¯ ∗t − Y ∗u
Y¯ ∗t − Y ∗u s2H
ρ¯− iη¯ − 1
ρ¯− iη¯
m2u
m2c
s2H
λ2
+ (ρ¯− iη¯ − 1)(λ2 − A2λ4).
It should be noted that for the sake of consistency, similar correction terms should be
included for the quark masses computed in Eq.(104). However, we find numerically that
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these corrections are substantially smaller than those for the Wolfenstein parameters (as
we have noted earlier, the mass eigenvalue corrections are usually at the O(10−3) level,
while the Wolfenstein parameter corrections are all at the level of approximately 5%), and
so using the leading order expressions for the quark masses does not appreciably affect
our results. Therefore, we omit the next-to-leading order corrections to the quark masses
here for the sake of simplicity. At this point, we now possess all the tools necessary to
identify points in our model’s parameter space which recreate the observed quark masses
and mixing parameters. Explicitly, we must find brane Yukawa couplings Yu, Y¯t, Yd, and
Yb, bulk localization parameters η
Q,u,d
1,2,3 , and rotation angles θH,Q,u,d that satisfy Eqs.(104)
and (106), as well as the requirement (from our parameterization in Section 5.2) that
ηQ,u,d2 = c
2
Q,u,dη
Q,u,d
1 + s
2
Q,u,dη
Q,u,d
3 . To find these solutions, we first identify that we have in
total 18 real parameters (4 complex brane Yukawa couplings, 6 independent real fermion
localizations ηQ,u,d1,3 , and 4 real rotation angles θH,Q,u,d), with which we must satisfy 10
constraints (6 quark masses and four Wolfenstein parameters). Naively then, we should
anticipate that specifying 8 of our model parameters as inputs should uniquely specify
all other model parameters, if we impose the requirement that the observed SM quark
masses and CKM parameters are recreated. Following this intuition, we identify points
in our parameter space by specifying the complex parameters Yu, Y¯t, and Yd, and the
real parameters θH and θQ, and assuming that the remainder of the model parameters
must be found as solutions to Eqs.(104) and (106). We begin with the localizations ηQ1,2,3.
The expression for |F (ηQ1 )|2/|F (ηQ2 )|2 in Eq.(106) readily gives the function |F (ηQ1 )|2 as
a function of |F (ηQ2 )|2 and fixed model inputs (namely Y¯t, Yu, θQ, and θH). From here,
it is possible to get ηQ1 , the localization parameter itself, using the Lambert product log
function, defined as the function W (x) such that W (x)exp[W (x)] = x. In general, we
find that
|F (η)|2 = Q→ η = Q+ 1
krcpi
W¯ (−krcpiQ), (107)
W¯ (x) ≡
{
W0(xe
x) x ≤ −1
W−1(xex) x > −1
where the subscripts on W refer to different branches of the product log function, following
conventional notation, and we have defined the function W¯ to select the proper branch
for our purposes at all points. Explicitly, we have
ηQ1 = |F (ηQ1 )|2 +
1
krcpi
W¯ (−krcpi|F (ηQ1 )|2), (108)
|F (ηQ1 )|2 ≈ |F (ηQ2 )|2λ2
|Y¯t|2c2Qc2H
|Y¯t − Yu|2s2H
(1−∆λ2).
Using the relation, ηQ2 = c
2
Qη
Q
1 + s
2
Qη
Q
3 , we can then express η
Q
3 as a function of η
Q
1 , η
Q
2 ,
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and θQ. In doing so, the expression for |F (ηQ2 )|2/|F (ηQ3 )|2 in Eq.(106) now becomes∣∣∣∣ F (ηQ2 )F (csc2(θQ)ηQ2 − cot2(θQ)ηQ1 )
∣∣∣∣2 ≈ A2λ4 s2Q|Y¯t − Yus2H |2|Yu|2c2Hs2H (1−∆A2λ4). (109)
Folding Eq.(108) into Eq.(109) then gives us an expression for ηQ2 that can be solved
numerically, using only the fixed input parameters Y¯t, Yu, θQ, and θu.
With ηQ2 (and by extension, η
Q
1 and η
Q
3 ) fixed by Eq.(109), we can move on to ad-
dressing the localizations ηu1,2,3. First, we use the expressions for |F (ηQ1 )|2/|F (ηQ2 )|2 and
|F (ηQ2 )|2/|F (ηQ3 )|2 from Eq.(106) to rewrite the expressions for the up-like quark masses
in Eq.(104) in a more convenient form, namely,
|F (ηu1 )|2 ≈
2m2u
v2
c2uc
2
H
λ2|F (ηQ2 )|2
(1 + ∆λ2),
|F (ηu2 )|2 ≈
2m2c
v2
|Y¯t − Yus2H |2
|YuY¯t|2c2H
1
|F (ηQ2 )|2
, (110)
|F (ηu3 )|2 ≈
2m2t
v2
A2λ4
|F (ηQ2 )|2s2us2H
(1−∆A2λ4).
The expressions for |F (ηu1 )|2 and |F (ηu3 )|2 in Eq.(110) can then be solved to yield expres-
sions for ηu1 and η
u
3 using the identity in Eq.(107), yielding expressions for these two bulk
localization parameters in terms of ηQ2 , θu, Y¯t, Yu, θH , and θQ. Since η
Q
2 can be found by
numerically solving Eq.(109), we therefore have both ηu1 and η
u
3 solely in terms of θu and
fixed input parameters. We can now use ηu2 = c
2
uη
u
1 +s
2
uη
u
3 with the expression for |F (ηu2 )|2
given in Eq.(110), which then yields the equation,
|F (c2uηu1 + s2uηu3 )|2 ≈
2m2c
v2
|Y¯t − Yus2H |2
|YuY¯t|2c2H
1
|F (ηQ2 )|2
. (111)
When the expressions for ηu1 and η
u
3 from Eq.(110) are then used here, we note that
Eq.(111) contains only θu and fixed input parameters. So, we can numerically solve
Eq.(111) for θu, giving us another parameter of our model. Then, we can derive η
u
1 and
ηu3 (and by extension, η
u
2 ) by inserting our numerical result for θu into the relations of
Eq.(110).
Having solved our system for ηQ1−3, η
u
1−3, and θu, the only parameters which remain
unfixed are the down-like quark localizations ηd1 and η
d
3 (recall that η
d
2 is fixed by the
relation ηd2 = c
2
dη
d
1 + s
2
dη
d
3), the mixing angle θd, and the brane Yukawa coupling Yb. To
solve for these variables, we look to the expressions for the masses of the down-like quarks
given in Eq.(104). Inserting the expressions from Eq.(106) into these equations, we arrive
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at
|F (ηd1)|2 ≈
2m2d
v2
|Y¯t − Yus2H |2c2ds2H
λ2|Yd|2|F (ηQ2 )|2c2H
(1 + ∆λ2)
|Y¯t − Yus2H + (ρ¯− iη¯)(1 + ∆ρ¯−iη¯)Yus2H |2
,
|F (ηd2)|2 =
2m2s
v2
1
|Yd|2|F (ηQ2 )|2
, (112)
|F (ηd3)|2 ≈
2m2b
v2
A2λ4(1−∆A2λ4)
|YdY¯t|2s2ds2Hc2H |(Y¯t − Yu)s2H(ρ¯− iη¯)(1 + ∆ρ¯−iη¯)− (Y¯t − Yus2H)|2
.
The expressions for |F (ηd1)|2 and |F (ηd3)|2 in Eq.(112) can then, just as for the up-like
quarks, be solved to yield algebraic expressions for ηd1 and η
d
3 in terms of cd and already
fixed parameters. Then, we merely need to fold these expressions into
|F (c2dηd1 + s2dηd3)|2 =
2m2s
v2
1
|Yd|2|F (ηQ2 )|2
, (113)
with the |F (ηd2)|2 expression in Eq.(112), in order to get a function in which the only
remaining variable is θd. We can solve this equation numerically, fixing θd, which then
allows us to use the expressions for |F (ηd1)|2 and |F (ηd3)|2 to fix ηd1 and ηd3 (and therefore
also ηd2). Finally, in order to complete our set of parameters, we only need to insert
our value for θd into the expression for Yb in Eq.(106), at which point we have achieved
our goal: Given a specified Y¯t, Yu, Yd, θH , and θQ, we now have a process to solve for
the remaining model parameters relating to the fermion bulk localizations and Yukawa
couplings such that the observed quark masses and CKM mixing parameters are satisfied.
5.4 Numerical Sampling of Parameter Space
Using the methods of Section 5.3, we can now generate a large sample of points in pa-
rameter space which recreate the observed quark masses and the CKM mixing matrix.
To begin, we select a KK scale MKK for our analysis, and run the quark masses up to
that scale. We select MKK = k = 5 TeV, as this is quite close to the minimum scale
that is permissible from the significant constraint on the precision electroweak parameter
T [45], which represents one of the most restrictive precision constraints for RS models in
the absence of a custodial protection for it [8, 9, 15,17,40]. At tree level [8, 40],
T =
piv2
2c2WM
2
KK
(
krcpi − 1
2krcpi
)
, (114)
where v = 246 GeV is the Higgs vacuum expectation value, and cW is the cosine of the
weak mixing angle. Using this formula, we find that in order to keep the RS contribution
to T within the 68% CL range [59] of T = 0.07± 0.12, we need MKK > 4.78 TeV, hence
our selection of MKK = 5 TeV. We note that this method of constraining MKK is hardly
thorough. However, we are focused specifically on quark flavor physics, constraints on
which will only weaken as MKK is increased, and so a precise determination of precision
electroweak constraints on non-custodial RS models is well beyond the scope of this paper.
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In the end, we use the RunDec Mathematica package [46] to determine the quark masses
at the scale µ = MKK = 5 TeV to be
mu(5 TeV) = 0.972 MeV, mc(5 TeV) = 0.486 GeV, mt(5 TeV) = 131.0 GeV,
(115)
md(5 TeV) = 2.08 MeV, ms(5 TeV) = 42.4 MeV, mb(5 TeV) = 2.19 GeV.
With our KK scale selected and our quark masses determined, we perform our numer-
ical probe in two stages. First, we generate a random sample of 8000 sets of brane Yukawa
couplings Yu, Y¯t, and Yd, each with magnitudes between 1/3 and 3 and with random com-
plex phases. Once we have these sets of couplings, we then need to determine which input
angles θH and θQ permit solutions to Eqs.(106),(110), and (112). To do this, we move on
to the second stage of our probe, in which we perform a scan over θQ and θH parameters
for each set of input Yukawa couplings. Specifically, for each set of Yukawa couplings, we
test each value of c2H and c
2
Q (the squares of the cosines of the angles θH and θQ) in the
range from 0.05 to 0.95 for both parameters, in increments of 0.05, generating a list of c2H
and c2Q values that permit solutions that yield the correct quark masses and Wolfenstein
parameters for that set of couplings. By probing a broad range of these input parameters,
our scan therefore produces, for each of our 8000 sets of Yukawa coupling parameters,
the approximate full range of the model’s parameter space accessible to each set. On
average, each randomly generated set of Yukawa couplings has ∼40 (c2H , c2Q) pairs which
yield such solutions (found following the method of Section 5.3), yielding a total sample
size of 323610 points in parameter space that we have sampled. However, we note that in
keeping with the guiding principle that each brane Yukawa coupling constant should not
have magnitude much greater than or less than O(1) [8], we then dismiss sampled points
that have |Yt| or |Yb| greater than 10 or less than 0.1, leaving us with 229691 points in
parameter space to explore.
Regarding our methodology for numerically generating points in our model’s parame-
ter space, two important observations must be made. First, although our setup in Section
5.3 depends only on the squares of trigonometric functions of the angles θH,Q,u,d, and is
hence independent of the sign of these trigonometric functions, the values of Yt, Yb, and
various coupling matrices in our model are sensitive to these signs. For simplicity, we
assume that each angle is within the range of 0 and pi/2, that is to say, all trigonometric
functions of the angle parameters are positive. While this assumption is non-trivial (and
amounts, in effect, to a set of assumptions about the signs of the bulk Yukawa couplings
yQ,d and yu1,2), we do not expect this choice having a significant effect on our final results
(outside of the signs of the bulk Yukawa couplings themselves). Our primary analysis will
be in the form of exploring effective four-quark vertices emerging from the exchange of
heavy KK tower states of various gauge bosons and bulk scalars, and we anticipate that
altering the signs of the trigonometric functions of θH,Q,u,d should generically just result
in O(1) changes to the coefficients of these four-quark vertices. Second, we note that our
probe of the parameter space of our model is by no means guaranteed to be complete or
unbiased; this study is not designed to probe the fine-tuning of this model as much as it
is to establish the existence of a number of points in parameter space that are at present
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phenomenologically viable.
It is instructive at this point to present certain aspects of our sample pool graphically.
In Figure 1, we depict histograms of the various model parameters νU,u,d, νT,t,b, y
Q,d,
and yu1,2. The most salient interesting features of these distributions lie in the behavior
of the SU(2)F singlet quark field localization parameters νT,t,b and the bulk Yukawa
couplings. First, we observe that the localization parameters νT and νt exhibit a much
broader distribution than that of νb and the SU(2)F doublet fields; in particular, a number
of solutions exist that push either νT or νt into the large and positive regime. This
is to be expected, given that in order to realize the large top quark mass, we would
anticipate either or both of the third generation’s SU(2)L doublet and up-like singlet bulk
profiles to be highly TeV-brane localized, which in turn favors pushing νT and νt more
positive. The same cannot be said of νb, which (largely due to the b quark’s substantially
smaller mass compared to that of the top) is favored to have a value quite similar to the
localization of the SU(2)F doublet quarks. Meanwhile, among the Yukawa couplings, we
note that qualitatively the magnitudes of yQ and yu1,2 parameters take on quite similar
values between 0 and 1 (although yQ is positive while the yu parameters are both negative,
which is unsurprising given the difference in sign conventions for the SU(2)L doublet and
singlet quarks’ bulk mass parameters, discussed in Section 5.2). However, the parameter
yd, corresponding to the bulk Yukawa coupling for the down-like SU(2)F singlet quarks,
favors dramatically smaller magnitudes, such that |ydvF/(
√
2k)| ∼ O(10−1). This is also
intuitively reasonable. The parameter yd can be thought of as an off-diagonal mixing
parameter in the bulk mass matrix that generates a discrepancy between the bulk masses
of the first- and second-generation down-like SU(2)L singlet quark fields. As y
d approaches
zero, the bulk masses of both of these fields become equal, namely, both fields’ bulk masses
become νd as the SU(2)F symmetry demands. With this in mind, we also recall that it
has been noted in other studies of RS flavor [5, 8] that the localization parameters for
the down-like SU(2)L singlet quarks tend to be quite similar, and hence we would expect
that only a rather small mixing parameter yd would be needed to effect the minimal
discrepancy between the first- and second-generation down-like quarks’ bulk localizations.
Notably, due to the requirement that |ydvF/(
√
2k)| ∼ O(10−1), we anticipate that, in order
to avoid an unreasonably small yd parameter (naively assuming that our bulk Yukawa
couplings should themselves be approximately O(1), which while not necessarily strongly
motivated from naturalness arguments has a considerable aesthetic appeal), vF should
not be substantially greater than the curvature constant k; in our further analysis we
restrict our study to values of vF < k.
6 Four-Quark Operators at Tree Level
Having constructed our scenario, we now possess all the necessary tools to explore quark
couplings within the model, and specifically, additional tree-level flavor changing pro-
cesses introduced by the introduction of a warped extra dimension and our flavor gauge
symmetry SU(2)F ×U(1)F . In particular, within this section we shall discuss the 4-quark
operators which emerge in the low-energy EFT from both the new bulk gauge bosons and
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Figure 1: Bulk Localization (top) and Yukawa Coupling (bottom) parameters for sampled
points in parameter space
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scalars we propose and the SM gauge fields allowed in the bulk.
6.1 Four-Quark Operators: Flavor Gauge Bosons
We begin our discussion of quark couplings in our model with currents emerging from the
vector gauge bosons of the new bulk local symmetry SU(2)F ×U(1)F . In the bulk theory,
this interaction arises from terms of the form (for some vector gauge boson Eµ),∫
d4x
√
2pircgE
∫ pi
−pi
dφ rce
−3σq¯γµXqEqEµ, (116)
where, as in Section 4, q represents a 3-dimensional vector of quark fields in generation
space (in this case either the SU(2)L doublet Q, the up-like SU(2)L singlet u, or the
down-like SU(2)L singlet d. The term X
q
E is a 3 × 3 matrix in generation space, the
precise form of which varies depending on the identities of the gauge boson Eµ and the
quark field q. Applying the KK expansions of Eq.(65) to the fermion fields, and Eq.(56)
to the vector gauge field (it should be noted that this is identical to Eq.(6), and so is
applicable regardless of which of our model’s vector bosons we are considering in our
model), we arrive at interaction terms of the form,∫
d4x
√
2pigE
∫ pi
−pi
dφ eσχEp (φ)
{
(
(~a(U)n )
†C(U)n (φ)X
U
EC
(U)
m (φ)~a
(U)
m + (~a
(u)
n )
†S(u)n (φ)X
u
ES
(u)
m (φ)~a
(u)
m
)
(u¯
(n)
L γ
µE(p)µ u
(m)
L ) (117)
+
(
(~a(U)n )
†S(U)n (φ)X
U
ES
(U)
m (φ)~a
(U)
m + (~a
(u)
n )
†C(u)n (φ)X
u
EC
(u)
m (φ)~a
(u)
m
)
(u¯
(n)
R γ
µE(p)µ u
(m)
R )
}
,
where we’ve given the expression for up-like quarks, but the expression for down-like
quarks is readily derivable by making the substitutions U → D and u → d. For the
charged currents emerging from W boson exchange some modification to this expression
is necessary, which we shall detail in Section 6.4. Eq.(117) contains two separate terms,
one for couplings between the pth mode of the Bµ field and the m
th and nth mode of the
left-handed up-like quark fields, and one for couplings between the pth mode of the Eµ
field and the mth and nth mode of the right-handed up-like quark fields. It is convenient
at this point to define the quantities,
(ΩEL )
(U,D)
nm (φ) ≡ (~a(U,D)n )†C(U,D)n (φ)XU,DE C(U,D)m (φ)~a(U,D)m ,
(ΩER)
(U,D)
nm (φ) ≡ (~a(U,D)n )†S(U,D)n (φ)XU,DE S(U,D)m (φ)~a(U,D)m , (118)
(ΩEL )
(u,d)
nm (φ) ≡ (~a(u,d)n )†S(u,d)n (φ)Xu,dE S(u,d)m (φ)~a(u,d)m ,
(ΩER)
(u,d)
nm (φ) ≡ (~a(u,d)n )†C(u,d)n (φ)Xu,dE C(u,d)m (φ)~a(u,d)m ,
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so that we may, for example, write that the effective coupling constant between the pth
mode of Bµ and the n
th and mth modes of uL can be given as
√
2pigE
∫ pi
−pi
eσχEp (φ)[(Ω
E
L )
(U)
nm(φ) + (Ω
E
L )
(u)
nm(φ)]. (119)
We are particularly interested in the effect of flavor-changing processes in the low-energy
limit, the effects of which should appear, for example, in flavor observables such as the
B0 − B¯0 mass splittings. As such, we find it useful to compute low-energy effective four-
fermion operators which emerge in the 4-dimensional theory from exchanges over entire
towers of KK bosons. In this case, an exchange over the entire E boson KK tower will
contribute Hamiltonian interaction terms of the form,
∼ (Cqq′XY )Enm;rs(q¯(n)X γµq(m)X )(q¯′(r)Y γµq′(s)Y ), (120)
where
(Cqq
′
XY )
E
nm;rs ≡ 2pig2E
∫ pi
−pi
dφ1
∫ pi
−pi
dφ2
{(∑
p
χEp (φ1)χ
E
p (φ2)
(mEp )
2
)
× e(σ1+σ2)[(ΩEX)(Q)nm(φ1) + (ΩEX)(q)nm(φ1)][(ΩEY )(Q
′)
rs (φ2) + (Ω
E
Y )
(q′)
rs (φ2)]
}
. (121)
Here, X and Y denote chiralities (and so may take on values of L or R), q and q′ denote
either up- or down-like quarks (that is, q = u, d and q′ = u, d), and Q = U if q = u, and
Q = D if q = d (with analogous relations holding between Q′ and q′). Substituting in
Eq.(43) for the summation over the gauge boson bulk profiles, we are then able to use
Eq.(120) in order to compute any four-quark operator arising from the exchange of the
entire tower of any species of gauge boson. In practice, we find that for the SM-like quark
fields, the four-quark couplings relevant to our analysis are well-approximated by using the
expressions of Eqs.(95) and (99) in lieu of exact expressions for the quark bulk profiles and
mixing matrices, that is, working in the previously discussed zero-mass approximation, or
ZMA. Using these approximations, it is possible to produce analytical expressions for the
four-quark couplings, only resorting to numerical evaluation for the mixing matrices Uu,dL,R
in the ZMA. The precise form of these coupling expressions varies significantly depending
on the gauge field E under discussion, and as such, we now specialize our discussion to
specific gauge fields present in our model.
In this case, there are four distinct gauge fields, three for the SU(2)F symmetry (which
we shall denote as A1,2,3µ ) and one for the U(1)F symmetry, which we shall denote as Bµ.
We find, using the angle parameters introduced in Section 5.2, expressions for the various
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coupling matrices XU,u,D,dA1,A2,A3,B to be
XU,DA1 =
1
2
 0 cQ 0cQ 0 sQ
0 sQ 0
 , XU,DA2 = 12
 0 −icQ 0icQ 0 isQ
0 −isQ 0
 , (122)
XU,DA3 =
1
2
 c2Q 0 cQsQ0 −1 0
cQsQ 0 s
2
Q
 , XU,DB = 12
2− 3c2Q 0 −3sQcQ0 −1 0
−3sQcQ 0 −1 + 3c2Q

for the SU(2)L doublet quarks (at times, we shall find it easier to denote these as X
Q
A1,2,3,B,
since they are the same for both up- and downlike quarks),
XdA1 =
1
2
 0 cd 0cd 0 sd
0 sd 0
 , XdA2 = 12
 0 −icd 0icd 0 isd
0 −isd 0
 , (123)
XdA3 =
1
2
 c2d 0 cdsd0 −1 0
cdsd 0 s
2
d
 , XdB = 12
2− 3c2d 0 −3sdcd0 −1 0
−3sdcd 0 −1 + 3c2d

for the down-like SU(2)L singlet quarks, and
XuA1 =
1
2
 2sHcHc2u cu(c2H − s2H) 2sHcHsucucu(c2H − s2H) −2sHcH su(c2H − s2H)
2sHcHsucu su(c
2
H − s2H) 2sHcHs2u
 , XuA2 = 12
 0 −icu 0icu 0 isu
0 −isu 0

(124)
XuA3 =
1
2
 c2u(c2H − s2H) −2sHcHcu sucu(c2H − s2H)−2sHcHcu −(c2H − s2H) −2sHcHsu
sucu(c
2
H − s2H) −2sHcHsu s2u(c2H − s2H)
 , XuB = 12
2− 3c2u 0 −3sucu0 −1 0
−3sucu 0 −1 + 3c2u

for the up-like SU(2)L singlet quarks. Using these expressions, we can now compute
the various terms (ΩA
1,A2,A3,B
L,R )
(U,u,D,d)
nm which encapsulate the piece of the coefficient in
Eq.(120) that depends on the bulk profiles.
At this point we can begin to elucidate the behavior of these couplings by working in
the ZMA. To begin, we take Eq.(120) and make the substitutions outlined in Eqs.(95)
and (99) for the bulk quark profiles. Omitting terms arising from the odd quark profiles
SU,u,D,dn (φ), which are suppressed by ratios of the squares of fermion masses to the KK
scale MKK anyway, we find specifically that Eq.(120) suggests we must evaluate integrals
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of the form,
ΘF (ηA, ηB, ηC , ηD, δ) ≡
∫ pi
0
dφ1
∫ pi
0
dφ2
(krc)
2
4
F (ηA)F (ηB)F (ηC)F (ηD)
1
2
(ηA+ηB+ηC+ηD)
(125)
×
{
e(σ1+σ2)e
1
2
(ηA+ηB−2)σ1e
1
2
(ηC+ηD−2)σ2
(∑
n
χA
1,2,3,B
n (φ1)χ
A1,2,3,B
n (φ2)
(mA
1,2,3,B
n )2
)}
,
where the funciton F (η) is first defined in Eq.(76), and δ is the parameter (only influencing
the sum over the gauge fields’ KK modes) related to the gauge field’s bulk mass, first
defined in Eq.(9). We can now substitute Eq.(44), which gives an analytical expression
for the sum over all KK modes for a vector gauge field with a bulk mass term, into
Eq.(125) and evaluate the integral in full, obtaining
ΘF (ηA, ηB, ηC , ηD, δ) =
krc
4M2KK sinh[krcpiδ]
F (ηA)F (ηB)F (ηC)F (ηD)
(η˜2AB − 4δ2)(η˜2CD − 4δ2)(δ2 − 1)
(126)
×
{
8(cosh[krcpiδ]−  12 η˜AB −  12 η˜CD + cosh[krcpiδ] 12 (η˜AB+η˜CD))(2 + η˜AB)(2 + η˜CD)δ
+ 4 sinh[krcδ](−1 +  12 (η˜AB+η˜CD))
(
2η˜AB η˜CD + 4(2 + η˜AB + η˜CD)δ
2
− (4η˜AB η˜CD + 16δ
2)(−1 + δ2)
(η˜AB + η˜CD)
)}
,
where
η˜AB,CD ≡ 2 + ηA,C + ηB,D. (127)
We can now use this function in our expressions for various Wilson coefficients. In general,
we obtain
(Cqq
′
LL)
Ap,B
nm;rs = 2pig
2
A,B
3∑
a,b,c,d=1
ΘF (η
Q
a , η
Q
b , η
Q
c , η
Q
d , δ)(X
Q
Ap,B)ab(X
Q′
Ap,B)cd(U
q
L)
†
na(U
q
L)bm(U
q′
L )
†
rc(U
q′
L )ds,
(Cqq
′
LR)
Ap,B
nm;rs = 2pig
2
A,B
3∑
a,b,c,d=1
ΘF (η
Q
a , η
Q
b , η
q′
c , η
q′
d , δ)(X
Q
Ap,B)ab(X
q′
Ap,B)cd(U
q
L)
†
na(U
q
L)bm(U
q′
R)
†
rc(U
q′
R)ds,
(128)
(Cqq
′
RL)
Ap,B
nm;rs = 2pig
2
A,B
3∑
a,b,c,d=1
ΘF (η
q
a, η
q
b , η
Q
c , η
Q
d , δ)(X
q
Ap,B)ab(X
Q
Ap,B)cd(U
q
R)
†
na(U
q
R)bm(U
q′
L )
†
rc(U
q′
L )ds,
(Cqq
′
RR)
Ap,B
nm;rs = 2pig
2
A,B
3∑
a,b,c,d=1
ΘF (η
q
a, η
q
b , η
q′
c , η
q′
d , δ)(X
q
Ap,B)ab(X
q′
Ap,B)cd(U
q
R)
†
na(U
q
R)bm(U
q′
R)
†
rc(U
q′
R)ds, ,
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with
δ ≡

√
1 +
g2Av
2
F
2k2
, Ap√
1 +
(−3gB)2v2F
2k2
, B
. (129)
In Eq.(128), q and q′ can refer either to up-like (u) or down-like (d) quarks.
It should be noted that the coefficients in Eq.(128) display somewhat non-trivial behav-
ior as functions of the coupling constant gA and the vacuum expectation value parameter
vF , due to the dependence of ΘF on the parameter δ. Inspection of the functional form
of ΘF allows us to make several observations on this behavior– in particular, that ΘF
will generally decrease in magnitude with increasing δ. Physically, this can be thought of
as a consequence of increasing the gauge field’s bulk mass, increasing the masses of the
gauge field’s KK modes and decreasing each field’s contribution to a low-energy 4-fermion
operator. So, since δ increases with an increase in the coupling strength gA, we antic-
ipate that the 4-fermion coefficients in Eq.(128) will not simply increase quadratically
with increasing gA, but rather have this increase at least partially offset by decreases in
ΘF . In particular, for large δ (corresponding to large gA and/or large vF ), we see that
ΘF ∼ δ−2 ∼ g−2A (vF/k)−2, indicating that for sufficiently large gA, the coefficients in
Eq.(128) should actually become asymptotically flat. Numerically, the coupling strength
at which these coefficients begin to exhibit this behavior varies significantly depending on
the value of vF– the lower vF , the larger the value gA must be before the 4-fermion coeffi-
cients effectively stop increasing in magnitude with increasing gA; in practice, for vF < k,
we generally do not observe the asymptotic behavior even for g2A/(4pi) ∼ αs(mZ), namely,
even when we make the coupling constant for the flavor gauge bosons comparable to that
of the strong force. In Fig. 2, we plot the dependence of g2AΘF (η
Q
1 , η
Q
3 , η
Q
1 , η
Q
3 ) (relevant
in, for example, computations of the flavor gauge boson contribution to B¯0 − B0 mixing
parameters) on the coupling gA for a particular point in our model’s parameter space at
different values of the bulk vacuum expectation value vF , as well as the dependence of
ΘF (η
Q
1 , η
Q
3 , η
Q
1 , η
Q
3 ) (note the lack of a g
2
A factor) on vF for various choices of gA.
Notably, for the A1,2,3µ , the asymptotic behavior of the coupling with increasing gA isn’t
realistically achievable for O(1) gA and vF , however, the increase of g
2
AΘF with increasing
gA is significantly affected by the value of vF ; the larger vF , the less g
2
AΘF increases with
increasing gA. For B exchanges, the beginnings of asymptotically flat behavior for g
2
BΘF
is even visible, due to the enhancement to the B bulk mass from the −3
2
U(1)F charge of
the bulk scalars. Similarly, we note that for even modest gA, such as gA ∼ 0.5, g2AΘF falls
significantly with increasing vF/k; for gA = 1.0, for example, g
2
AΘF with vF/k = 1 can be
as much as 30% smaller than g2AΘF when vF = 0.5.
6.2 Four-Quark Operators: H1−4 Exchanges
Having discussed the effects of the exchange of gauge bosons in our model, we continue our
discussion of four-quark operators with those that arise from exchanges of the flavor scalar
particles, H1−4. Inspecting the action, we note that these fields have Yukawa interactions
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Figure 2: Dependence of g2AΘF (η
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3 ) on vF (right), for a sample point in parameter space
with the quarks in the 4-dimensional effective theory of the form,∫
d4x
√
2pi
∫ pi
−pi
dφχHip (φ)
{
(130)(
(~a(U)n )
†C(U)n (φ)X
U
Hi
S(U)m (φ)~a
(U)
m + (~a
(u)
n )
†S(u)n (φ)X
u
Hi
C(u)m (φ)~a
(u)
m
)
(u¯
(n)
L H
(p)
i u
(m)
R ) + h.c.
}
,
with an analogous expression for down-like quarks. Note that here, unlike for the gauge
coupling constant gE in Eq.(117), the the Yukawa coupling constants y
Q,d and yu1,2 are
incorporated into the bulk coupling matrices XU,u,D,dHi ; this is simply a matter of notational
convenience. By inspecting the action, we find the coupling matrices are given by
XU,DH1 =
kcQsQ(η
Q
3 − ηQ1 )
2vF
 0 −sQ 0−sQ 0 cQ
0 cQ 0
 ,
XU,DH2 =
ikcQsQ(η
Q
3 − ηQ1 )
2vF
 0 −sQ 0sQ 0 −cQ
0 cQ 0
 , (131)
XU,DH3 =
kcQsQ(η
Q
3 − ηQ1 )
2vF
 2cQsQ 0 −(c2Q − s2Q)0 0 0
−(c2Q − s2Q) 0 −2cQsQ
 ,
XU,DH4 =
kcQsQ(η
Q
3 − ηQ1 )
2vF
 −2cQsQ 0 (c2Q − s2Q)0 0 0
(c2Q − s2Q) 0 2cQsQ

43
for the SU(2)L doublet quarks,
XdH1 =
kcdsd(η
d
3 − ηd1)
2vF
 0 sd 0sd 0 −cd
0 −cd 0
 ,
XdH2 =
ikcdsd(η
d
3 − ηd1)
2vF
 0 sd 0−sd 0 cd
0 −cd 0
 , (132)
XdH3 =
kcdsd(η
d
3 − ηd1)
2vF
 −2cdsd 0 (c2d − s2d)0 0 0
(c2d − s2d) 0 2cdsd
 ,
XdH4 =
kcdsd(η
d
3 − ηd1)
2vF
 2cdsd 0 −(c2d − s2d)0 0 0
−(c2d − s2d) 0 −2cdsd
 ,
for the down-like SU(2)L singlet quarks, and
XuH1 =
kcusu(η
u
3 − ηu1 )
2vF
 4cHsHcusu su(c2H − s2H) −2cHsH(c2u − s2u)su(c2H − s2H) 0 −cu(c2H − s2H)
−2cHsH(c2u − s2u) −cu(c2H − s2H) −4cHsHcusu
 ,
XuH2 =
ikcusu(η
u
3 − ηu1 )
2vF
 0 su 0−su 0 cu
0 −cu 0
 , (133)
XuH3 =
kcusu
2vF
 −2(c2H − s2H)cusu 2cHsHsu (c2H − s2H)(c2u − s2u)2cHsHsu 0 −2cHsHcu
(c2H − s2H)(c2u − s2u) −2cHsHcu 2(c2H − s2H)cusu
 ,
XuH4 =
kcusu(η
u
3 − ηu1 )
2vF
 2cusu 0 −(c2u − s2u)0 0 0
−(c2u − s2u) 0 −2cusu

for up-like SU(2)L singlet quarks. Notably, in Eqs.(131-133), we have used expressions for
the bulk Yukawa couplings yQ,d and yu1,2 in terms of our bulk localization parameters and
rotation angles ηQ,u,d1,2,3 and θH,Q,u,d, given originally in Eq.(92). We also note that while
H1, H3, and H4 have ordinary scalar couplings to quarks, the field H2, being CP -odd,
has a pseudoscalar coupling to fermions.
Similarly to Section 6.1, we now find it convenient to define quantities
(ΩHiLR)
(U,D)
nm (φ) ≡ (~a(U,D)n )†C(U,D)n (φ)XU,DHi S(U,D)m (φ)~a(U,D)m ,
(ΩHiLR)
(u,d)
nm (φ) ≡ (~a(u,d)n )†S(u,d)n (φ)Xu,dHi C(u,d)m (φ)~a(u,d)m , (134)
(ΩHiRL)
(U,u,D,d)
nm (φ) = (Ω
Hi
LR)
(U,u,D,d)∗
mn (φ).
The four-fermion operators emerging in the Hamiltonian from these scalar exchanges then
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have the form,
(Cqq
′
LR;LR)
Hi
nm;rs(q¯
(n)
L q
(m)
R )((q¯
′(r)
L q
′(s)
R )),
(Cqq
′
LR;RL)
Hi
nm;rs(q¯
(n)
L q
(m)
R )((q¯
′(r)
R q
′(s)
L )), (135)
(Cqq
′
RL;RL)
Hi
nm;rs(q¯
(n)
R q
(m)
L )((q¯
′(r)
R q
′(s)
L )),
(Cqq
′
RL;LR)
Hi
nm;rs(q¯
(n)
R q
(m)
L )((q¯
′(r)
L q
′(s)
R )),
where q and q′ can denote up-like (u) or down-like (d) quarks, and
(Cqq
′
LR;LR)
Hi
nm;rs = (2pi)
∫ pi
−pi
∫ pi
−pi
dφ1dφ2
{(∑
p
χHip (φ1)χ
Hi
p (φ2)
(mHip )2
)
× [(ΩHiLR)(Q)nm(φ1) + (ΩHiLR)(q)nm(φ1)][(ΩHiLR)(Q
′)
rs (φ2) + (Ω
Hi
LR)
(q′)
rs (φ2)]
}
,
(Cqq
′
LR;RL)
Hi
nm;rs = (2pi)
∫ pi
−pi
∫ pi
−pi
dφ1dφ2
{(∑
p
χHip (φ1)χ
Hi
p (φ2)
(mHip )2
)
(136)
× [(ΩHiLR)(Q)nm(φ1) + (ΩHiLR)(q)nm(φ1)][(ΩHiRL)(Q
′)
rs (φ2) + (Ω
Hi
RL)
(q′)
rs (φ2)]
}
,
with
(Cqq
′
RL;RL)
Hi
nm;rs = (C
qq′
LR;LR)
Hi∗
mn;sr (137)
(Cqq
′
RL;LR)
Hi
nm;rs = (C
qq′
LR;RL)
Hi∗
mn;sr.
We can evaluate these integrals by inserting Eq.(48) into Eq.(136). Unlike our treatment of
the operator coefficients in Section 6.1, we find that numerically, the integrals in Eq.(136)
cannot be well-approximated by making the substitutions of Eqs.(95) and (99) for the
quark bulk profiles; this is likely due to the presence of additional uncontrolled terms in
the low-mass expansion of Eq.(95) which we have neglected, as discussed briefly in Section
4. However, it is still possible to evaluate these integrals numerically using the exact
expressions for the quark bulk profiles. It should be noted that because the bulk masses
of the fields H1−4, given in Eq.(81), are sensitive to the bulk scalar potential parameters
λ1,3,4,5 in Eq.(78), in order to perform numerical computations of these couplings we must
specify these parameters. This can be straightforwardly accomplished by simply randomly
generating a set of λ1,3,4,5 parameters that satisfy the minimization conditions discussed
in Section 5.1; for definiteness, we specify
λ1 = 0.925071, λ3 = 0.196495, λ4 = 0.161396, λ5 = −0.093493. (138)
This selection is purely arbitrary; to arrive at it (and generate other selections for testing),
we first randomly generated λ1 and λ4 values, both between 0 and 2; we arrive at this
range because the squared bulk masses of the scalars given in Eq. (81) are only positive
if λ1 and λ4 are both positive, and we assume they do not substantially exceed O(1).
Then, we randomly generated λ3 ∈ [−2λ1, 2λ1] and λ5 ∈ [−λ4, λ4], with these parameters
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bounds emerging again from the requirement that the squared bulk masses in Eq. (81) be
positive. We shall see that for most observables we consider, the effect of scalar exchanges
is negligible, and therefore making a specific choice for the bulk scalar potential parameters
has no impact on our results. For the case of K¯0−K0 mixing, the only process we consider
for which the scalar exchanges represent a significant contribution, we find that altering
our selection of λ1,3,4,5 only affects the dominant Wilson coefficients here by ∼ 5 − 10%,
resulting in no qualitative changes in the results of our analysis from using different
λ1,3,4,5. We note that some Wilson coefficients undergo greater variations (some on the
level of O(100%) corrections) with different λ1,3,4,5 selections, however these coefficients
are invariably numerically insignificant in any of our computations of observables. As
such, we make the selection of Eq.(138) for all subsequent computations in this work,
and do not perform a detailed exploration of scenarios with different values for these
parameters.
In Fig. 3, we plot one flavor-changing coupling arising from scalar exchanges for
a benchmark point (all other points we have sampled represent similar behavior), at
different values of the bulk scalar vacuum expectation value vF . Notably, the magnitude
of this coupling (and others) are strongly dependent on vF ; as vF decreases, the 4-quark
coefficients arising from exchanges of H1−4 increase substantially; this can be intuitively
understood by noting that Eq.(48) has a rough dependence ∼ v−3F , stemming partially
from geometry and partially from the fact that a smaller vF will yield lower masses for the
KK scalars, while the coupling matrices in Eqs.(131-133) add a further ∼ v−1F dependence
to the final coupling, since the products of the bulk Yukawa couplings and the vacuum
expectation value vF are fixed by the need to recreate the observed quark masses and
mixings.
It should also be noted that for the light SM-like quarks, the 4-quark operators arising
from the exchange of these scalars generically undergo a substantial suppression relative
to those arising from the exchange of vector bosons. This can be intuitively understood
by examining the form of the bulk fermion profiles in Eq.(134); for the SM-like quarks, the
orbifold odd profiles S
(U,u,D,d)
n (φ) are generically approximately proportional to the ratios
of the masses of these quarks to the KK scale MKK , as can be seen in Eq.(95) (note that
although we have abandoned the ZMA here, this argument based on a ZMA profile does
numerically hold in general). Because the bulk scalars H1−4 already have their lowest-
lying KK modes at masses of O(MKK), we have that any 4-quark operator arising from
the exchange of these scalars should have a suppression of ∼ (1/M2KK)(mq1mq2/M2KK)
(where mq1 and mq2 are some pair of SM quark masses), that is, the exchange of bulk
scalars produces 4-quark operators that are suppressed by an additional powers of MKK
compared to those arising from bulk vector boson exchange. In practice, then, we find
that we can ignore the contribution of the scalars H1−4 in most computations of tree-level
flavor-changing effects; we shall discuss the sole exception to this rule of thumb in Section
7.1.
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6.3 Four-Quark Operators: a1−4 Exchanges
We now discuss the four-quark operators arising from the other set of new scalars arising in
our theory, namely those stemming from the orbifold-odd scalar fields a1−4 that emerge
as mixtures of the components of the bulk scalars that lack a bulk mass and the fifth
components of the flavor gauge fields. Because these fields are mixtures of bulk scalars
and bulk gauge fields, the expressions for their coupling terms to quarks are dramatically
more complicated than those of other sectors of the theory, consisting of both gauge
couplings from the fifth components of the bulk gauge fields and bulk Yukawa couplings
from the bulk scalars. Before beginning, it is useful to introduce some notation. First,
throughout this section we shall denote the scalar fields H5−8, which remain without a
bulk mass after bulk SSB and mix with the bulk gauge field components A1−3φ and Bφ, by
the gauge field with which they mix. So, we denote H5 by BH , H6 by A
3
H , H7 by A
2
H , and
H8 by A
1
H . Each of these pairs of fields corresponds to a single physical scalar field a1−4;
we denote the A1φ−A1H mixture by a1, the A2φ−A2H mixture by a2, the A3φ−A3H mixture
by a3, and the Bφ−BH mixture by a4. Furthermore, in writing the coupling expressions,
we find it convenient to define
(Ω
Aiφ,Bφ
LR )
(U,D)
nm (φ) ≡ (~a(U,D)n )†C(U,D)n (φ)(iXU,DAi,B)S(U,D)m ~a(U,D)m ,
(Ω
AiH ,BH
LR )
(U,D)
nm (φ) ≡ (~a(U,D)n )†C(U,D)n (φ)(XU,DAiH ,BH )S
(U,D)
m ~a
(U,D)
m , (139)
(Ω
Aiφ,Bφ
LR )
(u,d)
nm (φ) ≡ (~a(u,d)n )†S(u,d)n (φ)(iXu,dAi )C(u,d)m (φ)~a(u,d)m ,
(Ω
AiH ,BH
LR )
(u,d)
nm (φ) ≡ (~a(u,d)n )†S(u,d)n (φ)(Xu,dAiH ,BH )C
(u,d)
m (φ)~a
(u,d)
m ,
(Ω
Aiφ,H ,Bφ,H
RL )
(U,u,D,d)
nm (φ) = (Ω
Aiφ,H ,Bφ,H
LR )
(U,u,D,d)∗
mn (φ),
where XU,u,D,d
AiH ,BH
and XU,u,D,d
Ai,B
are coupling matrices as we have used in Sections 6.1 and
6.2; notably, recall that explicit forms of the matrices XU,u,D,d
Ai,B
have been computed in
Eqs.(122-124). We find the remaining coupling matrices to be given by
XU,D
A1H
=
iksQcQ(η
Q
3 − ηQ1 )
2vF
 0 sQ 0−sQ 0 cQ
0 −cQ 0
 ,
XU,D
A2H
=
ksQcQ(η
Q
3 − ηQ1 )
2vF
 0 sQ 0sQ 0 −cQ
0 −cQ 0
 , (140)
XU,D
A3H
= XU,DBH =
iksQcQ(η
Q
3 − ηQ1 )
2vF
 0 0 10 0 0
−1 0 0
 ,
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for SU(2)L doublet quarks,
XdA1H
=
ikcdsd(η
d
3 − ηd1)
2vF
 0 −sd 0sd 0 −cd
0 cd 0
 ,
XdA2H
=
kcdsd(η
d
3 − ηd1)
2vF
 0 −sd 0−sd 0 cd
0 cd 0
 , (141)
XdA3H
= XdBH =
ikcdsd(η
d
3 − ηd1)
2vF
0 0 −10 0 0
1 0 0
 ,
for down-like SU(2)L singlet quarks, and
XuA1H
=
ikcusu(η
u
3 − ηu1 )
2vF
 0 −(c2H − s2H)su −2cHsH(c2H − s2H)su 0 −(c2H − s2H)cu
2cHsH (c
2
H − s2H)cu 0
 ,
XuA2H
=
kcusu(η
u
3 − ηu1 )
2vF
 0 −su 0−su 0 cu
0 cu 0
 , (142)
XuA3H
=
ikcusu(η
u
3 − ηu1 )
2vF
 0 2cHsHsu −(c2H − s2H)−2cHsHsu 0 2cHsHcu
(c2H − s2H) −2cHsHcu 0
 ,
XuBH =
ikcusu(η
u
3 − ηu1 )
2vF
0 0 −10 0 0
1 0 0
 ,
for up-like SU(2)L singlet quarks. We may then write the coupling terms of the field a1
with two quarks as
√
2pi
∫ pi
−pi
dφ
{
gA[(Ω
A1φ
LR)
(Q)
nm(φ) + (Ω
A1φ
LR)
(q)
nm(φ)]
γk
ma1p
χa1p (φ) (143)
+ [(Ω
A1H
LR )
(Q)
nm(φ) + (Ω
A1H
LR )
(q)
nm(φ)]
e2σ
ma1p
1
rc
∂φ(e
−2σχa1p (φ))
}
a1 (q¯
(n)
L q
(m)
R ) + h.c.,
γ ≡
{
gAvF√
2k
a1,2,3
−3gBvF√
2k
a4
where q = u and Q = U for up-like quarks, with q = d and Q = D for down-like quarks,
with analogous expressions for couplings with other a fields. These coupling terms then
yield four-fermion Hamiltonian terms (again, we specialize our discussion to a1, but our
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arguments hold for all other a fields),
(Cqq
′
LR;LR)
ai
nm;rs(q¯
(n)
L q
(m)
R )(q¯
′(r)
L q
(s)
R ),
(Cqq
′
LR;RL)
ai
nm;rs(q¯
(n)
L q
(m)
R )(q¯
′(r)
R q
(s)
L ), (144)
(Cqq
′
RL;LR)
ai
nm;rs(q¯
(n)
R q
(m)
L )(q¯
′(r)
L q
(s)
R ),
(Cqq
′
RL;RL)
ai
nm;rs(q¯
(n)
R q
(m)
L )(q¯
′(r)
R q
(s)
L ),
where as before, q and q′ denote either up-like (u) or down-like (d) quarks, depending
on the specific coupling being considered. In the case of a1 (with the other couplings
possessing entirely analogous expressions),
(Cqq
′
LR;LR)
a1
nm;rs = −(2pi)
∫ pi
−pi
∫ pi
−pi
dφ1dφ2
{
(145)
[(Ω
A1φ
LR)
(Q)
nm(φ1) + (Ω
A1φ
LR)
(q)
nm(φ1)][(Ω
A1φ
LR)
(Q′)
rs (φ2) + (Ω
A1φ
LR)
(q′)
rs (φ2)]
(∑
p
γ2k2χa1p (φ1)χ
a1
p (φ2)
(ma1p )4
)
+ [(Ω
A1φ
LR)
(Q)
nm(φ1) + (Ω
A1φ
LR)
(q)
nm(φ1)][(Ω
A1H
LR )
(Q′)
rs (φ2) + (Ω
A1H
LR )
(q′)
rs (φ2)]
(∑
p
γk2χ˜a1p (φ2)χ
a1
p (φ1)
(krc)(m
a1
p )4
)
+ [(Ω
A1H
LR )
(Q)
nm(φ1) + (Ω
A1H
LR )
(q)
nm(φ1)][(Ω
A1φ
LR)
(Q′)
rs (φ2) + (Ω
A1φ
LR)
(q′)
rs (φ2)]
(∑
p
γk2χ˜a1p (φ1)χ
a1
p (φ2)
(krc)(m
a1
p )4
)
+ [(Ω
A1H
LR )
(Q)
nm(φ1) + (Ω
A1H
LR )
(q)
nm(φ1)][(Ω
A1H
LR )
(Q′)
rs (φ2) + (Ω
A1H
LR )
(q′)
rs (φ2)]
(∑
p
k2χ˜a1p (φ1)χ˜
a1
p (φ2)
(krc)2(m
a1
p )4
)}
,
where
χ˜a1(φ) ≡ e2σ∂φe−2σχa1p (φ). (146)
Inserting Eqs.(52-54), we can evaluate these 4-fermion operators numerically, as we have
already done with the H1−4 exchanges in Section 6.2. In Fig. (4), we plot the same flavor-
changing coupling as displayed in Fig. (3), only now arising from the exchange of the
scalars a1−4 rather than H1−4, revealing similar basic behavior for these functions. Again
we observe a strong inverse dependence of the coupling with respect to the bulk vacuum
expectation value parameter vF , and once again we can assume extreme suppression of
these couplings, due to the additional factors of the ratios of the SM-like quark masses to
MKK , as we already noted in Section 6.2,
6.4 Four-Quark Operators: SM Vector Boson Exchanges
Having discussed the effects of the gauge bosons and scalars arising in our model from the
SU(2)F × U(1)F symmetry, it is also necessary to discuss the flavor effects of SM gauge
bosons in the RS framework, which, as has been noted in [9, 12, 21, 47] are significant in
a generic anarchic model. We begin with a discussion of the neutral gauge bosons, Z,
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the photon, and the gluon, as any 4-quark interactions arising from exchanges of these
particles can be written using the same expression for the operators as we used for the
SU(2)F×U(1)F gauge bosons in Eq.(120), albeit using the appropriate coupling matrices,
coupling constants, and summations over the bulk profiles for the bulk SM gauge bosons,
rather than the gauge bosons arising from the new flavor symmetry. Notably, because
each fermion generation is put into identical representations in the SM gauge groups, all
coupling matrices XU,u,D,dW±,Z,γ,g are proportional to the identity matrix I3×3 in 3-dimensional
generation space, that is,
XU,u,D,dZ,γ,g = X
U,u,D,d
Z,γ,g I3×3, (147)
where the unbolded X variables are simply scalar values. For the SM gauge fields, we
have
XU,uγ = +
2
3
, XD,dγ = −13 , XU,u,D,dg = 1,
XUZ =
1
2
− 2
3
s2W , X
D
Z = −12 + 13s2W XuZ = −23s2W , XdZ = 13s2W .
(148)
Here, we have deliberately suppressed color factors in the gluon couplings; they follow the
same prescription as for the SM, and we shall include them explicitly when relevant to
our discussions. Using the above identities, then, we can write exact coupling expressions
using the variable (Ω¯L,R)
(U,u,D,d)
nm , which can be used to significantly simplify expressions
later on, particularly for Z boson exchanges.
First, we discuss the photon and gluon field exchanges, in which case the sum over all
massive KK modes in Eq.(120) takes the form given in Eq.(63). Deriving the 4-fermion
operators for these exchanges in direct analogy to our treatment of the flavor gauge bosons
in Section 6.1, we arrive at
(Cqq
′
LL)
γ,g
nm;rs = 2pig
2
em,s
3∑
a,c=1
Θγ(η
Q
a , η
Q
c )X
Q
γ,gX
Q′
γ,g(U
q
L)
†
na(U
q
L)am(U
q′
L )
†
rc(U
q′
L )cs,
(Cqq
′
LR)
γ,g
nm;rs = 2pig
2
em,s
3∑
a,c=1
Θγ(η
Q
a , η
q′
c )X
Q
γ,gX
q′
γ,g(U
q
L)
†
na(U
q
L)am(U
q′
R)
†
rc(U
q′
R)cs, (149)
(Cqq
′
RL)
γ,g
nm;rs = 2pig
2
em,s
3∑
a,c=1
Θγ(η
q
a, η
Q
c )X
q
γ,gX
Q′
γ,g(U
q
R)
†
na(U
q
R)am(U
q′
L )
†
rc(U
q′
L )cs,
(Cqq
′
RR)
γ,g
nm;rs = 2pig
2
em,s
3∑
a,c=1
Θγ(η
q
a, η
q′
c )X
q
γ,gX
q′
γ,g(U
q
R)
†
na(U
q
R)am(U
q′
R)
†
rc(U
q′
R)cs,
where gem = e = gsW is the electromagnetic coupling constant (and sW is the sine of the
Weinberg angle), gs is the strong coupling constant, and the function Θγ is given by
Θγ(ηA, ηB) ≡|F (ηA)|
2|F (ηB)|2
4k22
[
krc(4 + ηA + ηB)
(2 + ηA + ηB)(2 + ηA)(2 + ηB)
(150)
+
(1− ηA)(1− ηB)
2krcpi2ηAηB
− 1
2pi
(
(1− ηB)(4 + ηA)
(2 + η2A)ηB
+
(1− ηA)(4 + ηB)
(2 + ηB)2ηA
)]
,
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where again we use the function F (η) first defined in Eq.(76). Next, we consider the 4-
fermion operators arising from exchanges over the entire Z boson tower. Notably, because
of the presence of the light, SM-like Z boson in these exchanges, it is no longer reasonable
to omit the contribution of the orbifold odd bulk fermion fields, (ΩZL)
u,d
nm(φ) and (Ω
Z
R)
U,D
nm (φ)
in the ZMA evaluation of Eq.(120) [8]; although these contributions are suppressed by
O(m2q/M
2
KK), the presence of terms of O(1/m
2
Z) in the summation over Z boson exchanges
Eq.(62), instead of solely O(1/M2KK) terms, means that the orbifold odd fields can still
contribute to the resultant operator to leading order in the KK scale. Using the coupling
(Cqq
′
LL)
Z
nm;rs as an example, we shall briefly outline how these additional terms are included.
In the exact expression, this coefficient would be given by
(Cqq
′
LL)
Z
nm;rs = 2pi
g2
c2W
∫ pi
−pi
dφ1
∫ pi
−pi
dφ2
{
e(σ1+σ2)
[
1
2pim2Z
+O
(
1
M2KK
)]
(151)
× [(T 3q − s2WQq)(Ω¯L)(Q)nm(φ1)− s2WQq(Ω¯L)(q)nm(φ1)][(T 3q′ − s2WQq′)(Ω¯L)(Q
′)
rs (φ2)− s2WQq′(Ω¯L)(q
′)
rs (φ2)]
}
,
where the O(1/(M2KK) terms are given explicitly by Eq.(62), T
3
q,q′ are the weak isospins of
the q and q′ quarks, and Qq,q′ are their electric charges. Focusing specifically on the leading
order terms arising from the 1/m2Z term in Eq.(151), and recalling the orthonormality
condition for fermion fields, given in Eq.(68), we have this piece of the four-fermion
operator given by
g2
c2Wm
2
Z
(T 3q − s2WQq)(T 3q′ − s2WQq′)δnmδrs (152)
− g
2
2pic2Wm
2
Z
∫ pi
−pi
dφ1
∫ pi
−pi
dφ2 e
(σ1+σ2)[T 3q (T
3
q′ − s2WQq′)(Ω¯L)qnm(φ1)(Ω¯L)(Q
′)
rs (φ2)]
− g
2
2pic2Wm
2
Z
∫ pi
−pi
dφ1
∫ pi
−pi
dφ2 e
(σ1+σ2)[T 3q′(T
3
q − s2WQq)(Ω¯L)(Q)nm(φ1)(Ω¯L)(q
′)
rs (φ2)],
where the integrals in the second and third lines of this equation can be approximately de-
termined from the ZMA expressions for the orbifold odd fermion fields, given by Eqs.(95)
and (99). Including these terms (and analogous terms for couplings such as (Cqq
′
LR)
Z and
(Cqq
′
RR)
Z), the complete ZMA expressions for the operators arising from Z boson exchange
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will be
(Cqq
′
LL)
Z
nm;rs =
(
g
cWmZ
)2
(T 3q − s2WQq)(T 3q′ − s2WQ2q′)δnmδrs (153)
+ 2pi
(
g
cW
)2 3∑
a,c=1
{
(T 3q − s2WQq)(T 3q′ − s2wQq′)ΘZ(ηQa , ηQc )(UqL)†na(UqL)am(Uq
′
L )
†
rc(U
q′
L )cs
− T 3q (T 3q′ − s2WQq′)δZ(ηQc , ηqa)xqnxqm(UqR)†na(UqR)am(Uq
′
L )
†
rc(U
q′
L )cs
− T 3q′(T 3q − s2WQq)δZ(ηQa , ηq
′
c )x
q′
r x
q′
s (U
q
L)
†
na(U
q
L)am(U
q′
R)
†
rc(U
q′
R)cs
}
(Cqq
′
LR)
Z
nm;rs =
(
g
cWmZ
)2
(T 3q − s2WQq)(−s2WQq′)δnmδrs (154)
+ 2pi
(
g
cW
)2 3∑
a,c=1
{
(T 3q − s2WQq)(−s2WQq′)ΘZ(ηQa , ηq
′
c )(U
q
L)
†
na(U
q
L)am(U
q′
R)
†
rc(U
q′
R)cs
− T 3q (−s2WQq′)δZ(ηq
′
c , η
q
a)x
q
nx
q
m(U
q
R)
†
na(U
q
R)am(U
q′
R)
†
rc(U
q′
R)cs
+ T 3q′(T
3
q − s2WQq)δZ(ηQa , ηQc )xq
′
r x
q′
s (U
q
L)
†
na(U
q
L)am(U
q′
L )
†
rc(U
q′
L )cs
}
,
(Cqq
′
RL)
Z
nm;rs =
(
g
cWmZ
)2
(−s2WQq)(T 3q′ − s2WQq′)δnmδrs (155)
+ 2pi
(
g
cW
)2 3∑
a,c=1
{
(−s2WQq)(T 3q′ − s2WQq′)ΘZ(ηqa, ηQc )(UqR)†na(UqR)am(Uq
′
L )
†
rc(U
q′
L )cs
+ T 3q (T
3
q′ − s2WQq′)δZ(ηQc , ηQa )xqnxqm(UqL)†na(UqL)am(Uq
′
L )
†
rc(U
q′
L )cs
− T 3q′(−s2WQq)δZ(ηqa, ηq
′
c )x
q′
r x
q′
s (U
q
R)
†
na(U
q
R)am(U
q′
R)
†
rc(U
q′
R)cs
}
,
(Cqq
′
RR)
Z
nm;rs =
(
g
cWmZ
)2
(−s2WQq)(−s2WQq′)δnmδrs (156)
+ 2pi
(
g
cW
)2 3∑
a,c=1
{
(−s2WQq)(−s2WQq′)ΘZ(ηqa, ηq
′
c )(U
q
R)
†
na(U
q
R)am(U
q′
R)
†
rc(U
q′
R)cs
+ T 3q (−s2WQq′)δZ(ηq
′
c , η
Q
a )x
q
nx
q
m(U
q
L)
†
na(U
q
L)am(U
q′
R)
†
rc(U
q′
R)cs
+ T 3q′(−s2WQq)δZ(ηqa, ηQc )xq
′
r x
q′
s (U
q
R)
†
na(U
q
R)am(U
q′
L )
†
rc(U
q′
L )cs
}
,
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where we have the functions
ΘZ(ηA, ηC) ≡ |F (ηA)|
2|F (ηC)|2
4M2KK
[ −1 + 2krcpi
2krcpi2|F (ηA)|2|F (ηC)|2 (157)
−
(
krc
|F (2 + ηC)|2|F (ηA)|2 +
krc
|F (2 + ηA)|2|F (ηC)|2
)
+
krc
(2 + ηA + ηC)
(
1
|F (2 + ηA)|2 +
1
|F (2 + ηC)|2 −
2+ηA
|F (ηC)|2 −
2+ηC
|F (ηA)|2
)]
and
δZ(ηA, ηC) =
2+ηC |F (ηC)|2
2m2Zpiη
2
C
(
1− −2 + 1|F (ηC − 2)|2 +
1
|F (−ηC − 2)|2
)
. (158)
Finally, we consider the four-fermion operators arising from W boson exchanges,
which, while not used our analysis in Section 7, we include for completness. Due to
the fact that the W± field couples only to the SU(2)L doublet quarks, and does so via a
charged current, we can modify Eq.(120) to specifically treat these operators. To do so,
it is first convenient to define the quantities,
(Ω¯L)
(UD,DU)
nm (φ) ≡ (~a(U,D)n )†C(U,D)n (φ)C(D,U)m (φ)~a(D,U)n , (159)
(Ω¯R)
(UD,DU)
nm (φ) ≡ (~a(U,D)n )†S(U,D)n (φ)S(D,U)m (φ)~a(D,U)n ,
to more compactly write charged currents. Then, the four-fermion operators emerging
from W boson KK tower exchange are then given by
(C
(UD;DU)
XY )
W
nm;rs(u¯
(n)
X γ
µd
(m)
X )(d¯
(r)
Y γµu
(s)
Y ), (C
(DU ;UD)
XY )
W
nm;rs(d¯
(n)
X γ
µu
(m)
X )(u¯
(r)
Y γµd
(s)
Y ), (160)
where
(C
(UD;DU)
XY )
W
nm;rs ≡2pi
g2
2
∫ pi
−pi
dφ1
∫ pi
−pi
dφ2
{
(161)
e(σ1+σ2)(Ω¯X)
(UD)
nm (φ1)(Ω¯Y )
(DU)
rs (φ2)
(∑
p
χWp (φ1)χ
W
p (φ2)
(mWp )
2
)}
,
(C
(DU ;UD)
XY )
W
nm;rs ≡2pi
g2
2
∫ pi
−pi
dφ1
∫ pi
−pi
dφ2
{
(162)
e(σ1+σ2)(Ω¯X)
(DU)
nm (φ1)(Ω¯Y )
(UD)
rs (φ2)
(∑
p
χWp (φ1)χ
W
p (φ2)
(mWp )
2
)}
.
Applying the ZMA substitutions of Eqs.(95) and (99), as well as the summation identity
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Eq.(62) for the sum over the W boson bulk profiles, we obtain
(C
(DU ;UD)
LL )nm;rs =
4GF√
2
[(UdL)
†(UuL)]nm[(U
u
L)
†(UdL)]rs (163)
+
g2
2
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a,c=1
ΘWLL(η
Q
a , η
Q
c )(U
d
L)
†
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L)am(U
u
L)
†
r,c(U
d
L)cs,
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3∑
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ΘWLR(η
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c )(U
d†
L U
u
L)nm(U
u
L)
†
rc(U
d
L)cs,
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(DU ;UD)
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ΘWLR(η
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a )(U
u†
L U
d
L)rs(U
d
L)
†
ra(U
u
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where
ΘWLL(ηA, ηC) =
krc|F (ηA)|2|F (ηC)|2
4M2KK(2 + ηA + ηC)
( −2+ηC
|F (ηA)|2 +
1
|F (2 + ηC)|2 −
2+ηA
|F (ηC)|2 +
1
|F (2 + ηC)|2
)
(164)
and
ΘLR(η) =
1
2pim2W
(
1
η − 2 −
1
(η − 2)|F (ηC)|2 −
|F (η)|2
(η − 2)(η + 2)
)
. (165)
Other couplings can be derived straightforwardly from symmetry; for example, we can
use the relation (C
(UD;DU)
LL )nm;rs = (C
(DU ;UD)
LL )rs;nm. Terms that couple two right-handed
currents, e.g.(C
(UD;DU)
RR )nm;rs can be safely ignored, due to the additional O(v
2/M2KK) sup-
pression emerging from the presence of two right-handed charged currents. In Eq.(163),
we have intentionally absorbed part of the O(v2/M2KK) corrections of the LL couplings
into a slight redefinition of GF , as commonly done (e.g., in [40]). Specifically, we absorb
the flat part of the sum over the W KK modes into a rescaling of GF , since this alter-
ation of the W four-fermion operators is universal for all fermion species. Under this
redefinition, our expression for GF becomes
4GF√
2
=
g2
2
[
1 +
1
2
m2W
M2KK
(
1− 1
2krcpi
)]
. (166)
With our expressions for W , Z, photon, and gluon exchange, we now have all of the SM
gauge boson contributions to flavor-changing 4-quark operators.
7 Flavor Observables
Equipped with the computed effective four-quark operators emerging in our model, we
are now prepared to discuss specific flavor observables which emerge in our model. Due
to their suppression at tree level in the SM, we shall largely focus on ∆F = 2 processes
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emerging from flavor-changing neutral currents, as these processes have no SM tree-level
contribution. Before continuing our analysis, we make two points that should be re-
membered during the following presentation. First, it should be noted that many of the
formulas in this section are sensitive to the particular phase convention used for the CKM
matrix, and only hold as long as the quarks observe the usual CKM phase convention. As
such, we note that any coupling expressions derived in earlier sections are then modified
by introducing phase rotations to the quark fields in order to obey the usual CKM phase
convention and maintain real fermion masses. Second, we note that in the flavor gauge
boson sector, the two gauge coupling constants gA and gB are in principle entirely inde-
pendent. However, since we find that no special cancellation or other notable behavior
occurs when differing values of gA and gB are taken, while scanning our parameter space
we take gA = gB for the remainder of this paper.
7.1 K − K¯ Mixing
First, we shall address the ∆F = 2 physics in the Kaon sector, that is, K¯0 −K0 mixing,
noting that in contrast to anarchic models of RS flavor, the contribution of new physics
within our model to the relevant observables is negligible. In general, the effective 4-
fermion Hamiltonian for this process has the form [48],
H∆S=2eff =
5∑
i=1
CKi (µ)OKi (µ) +
3∑
i=1
C˜Ki O˜i(µ), (167)
where µ is a renormalization scale, and we have
OK1 = [s¯αLγµdαL][s¯βLγµdβL], O˜K1 = [s¯αRγµdαR][s¯αRγµdαR], (168)
OK2 = [s¯αRdαL][s¯βRdβL], O˜K2 = [s¯αLdαR][s¯βLdβR],
OK3 = [s¯αRdβL][s¯βRdαL], O˜K3 = [s¯αLdβR][s¯βLdαR],
OK4 = [s¯αRdαL][s¯βLdβR],
OK5 = [s¯αRdβL][s¯βLdαR],
where α and β denote color indices. The quantity of interest in our discussions shall be
the dispersive piece of the K¯0 −K0 mixing matrix, which is then given by
MK12 =
1
2mK
〈K¯0|H∆S=2eff |K0〉 =
1
2mK
( 5∑
i=1
CKi (µ)〈K¯0|OKi (µ)|K0〉+
3∑
i=1
C˜Ki (µ)〈K¯0|O˜Ki (µ)|K0〉
)
,
(169)
where mK = 0.497 GeV is the mass of the K
0 meson, and we note that due to the parity
invariance of QCD, 〈K¯0|O˜i|K0〉 = 〈K¯0|Oi|K0〉. The expectation values of the various
operators may be obtained from lattice QCD calculations; we use the values obtained
in [48], evaluated at the renormalization scale of 3 GeV at which they are evaluated in that
source. To compute our mixing matrix element, then, we must derive the coefficients CKi
and C˜Ki from our expressions for the various four-quark coefficients that we have derived
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in Section 6; in the language of that section, we then need to compute the coefficients
(CddLL,LR,RL,RR)
E
21;21 for any gauge boson E and (C
dd
LR;LR,LR;RL,RL;LR,RL;RL)
S
21;21 for any scalar
S in our model. The coefficients we compute using the expressions in Section 6 are then
Wilson coefficients evaluated at the scale MKK ; they can then be run down to lower energy
scales using anomalous dimension matrices (ADMs) which can be extracted from [49]. In
our model, we note that several mechanisms conspire to eliminate or strongly suppress all
of these coefficients. First, we consider the effects of exchanges of vector bosons (namely,
those of the gauge group SU(2)F ×U(1)F and those of the SM). As only neutral currents
contribute at tree-level to the operators of Eq.(168), we can generically describe our
various operators using Eq.(120). Meanwhile, as we have noted in Section 5.2, the mass
eigenvectors ~a
(D,d)
2 are both up to a complex phase equal to (0, 1/
√
2, 0), and ~a
(D,d)
1 and
~a
(D,d)
3 have no component in the direction of ~a
(D,d)
2 , since there exists no mixing between
the second generation of the SU(2)L doublet and down-like singlet quarks and the other
generations. Then, we see that for any neutral current gauge boson E, we shall have
(ΩEL )
(D)
21 (φ) ∼
1√
2
∑
i=1,3
(C
(D)
2 (φ))22(X
D
E )2i(C
(D)
1 (φ))ii(~a
(D)
1 )i, (170)
with completely analogous expressions for right-handed quarks and the SU(2)L down-
like singlet quarks. Notably, we see that the only gauge bosons which have a coupling
matrix with XD,d21 and/or X
D,d
23 unequal to zero can have a non-zero contribution to any
neutral-current tree-level four-quark operator coupling the d quark to the s quark. So,
we see from Eqs.(122), (123), and (147) that all of the 4-quark operators arising from
the exchanges of the A3, B, and SM gauge bosons that contribute to this process vanish.
This leaves only the couplings from A1 and A2 exchanges. Inserting Eqs.(122) and (123)
into Eq.(170) then, we immediately see that
(ΩA
2
L,R)
(D,d)
21 = i(Ω
A1
L,R)
(D,d)
21 . (171)
Using this identity with Eq.(120), and noting that A1 and A2 have identical bulk masses
(and hence identical bulk profiles, χA
1
n (φ) = χ
A2
n (φ)), we see that
(CddXY )
A1
21;21 = −(CddXY )A
2
21;21 (172)
for any set of chiralities X and Y . So, the only non-trivial tree-level ∆S = 2 four-quark
operators for K¯0 − K0 mixing arising from gauge boson exchange in our model cancel
one another completely. In fact, this cancellation can be seen as a consequence of our
choice of bulk scalar vev structure; in the vacuum arrangement selected, it can be shown
that the gauge boson interactions still respect a conserved U(1) flavor-like charge, as
though there remains an unbroken global U(1) symmetry [44]. Because the quark mass
eigenstates themselves are not eigenstates of this flavor charge in our model (due to their
mixing from their bulk scalar couplings), keeping track of these flavor quantum numbers
is largely a pointless exercise, however due to the fact that the second generation of the
down-like quarks remains completely unmixed (and hence a flavor charge eigenstate for
both the SU(2)L doublet and down-like singlet fields), and its flavor charge eigenvalue
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is unequal to either of the two flavor charge eigenstates which mix to form the first-
and third-generation down-like quarks, none of the operators in Eq.(168) conserve flavor
charge. As a result, we observe that none of these operators can have any contribution
from any vector gauge bosons in our theory.
The only processes which can contribute at tree level to K¯0 − K0 mixing therefore
arise from exchanges of the scalars H1−4 and a1−4. However, as we have already seen in
Sections 6.2 and 6.3, these couplings are extremely suppressed because they link orbifold
odd quark bulk profiles to orbifold even ones. Despite this, we also note that in anarchic
RS flavor models, the contributions to the indirect CP violation parameter K can be
as much as 3 orders of magnitude larger than its experimentally measured value. In the
interest of caution, then, we proceed to complete a computation of K within our model.
We begin by recalling that the new physics contribution to K is given by [21,50]
|K | = 1
2mK
κ√
2(∆mK)exp
|Im〈K¯0|H∆S=2eff |K0〉|, (173)
with κ ≈ 0.92 [21, 28, 50]. Evaluating the expectation value 〈K¯0|H∆S=2eff |K0〉 using the
methods we have outlined earlier in this section, then, we can estimate the contribution
that new physics makes to the indirect CP -violating parameter K . In Figure 5, we plot
our computed value of |K | stemming solely from our model’s new physics (namely, the
flavor-changing neutral currents arising from RS effects on the SM gauge sector and our
new flavor gauge bosons and scalars), compared with the experimentally measured value
of this parameter, for different choices of vF/k and for several different sample points in
parameter space. Notably, the magnitude of K dramatically declines with increasing vF
(as might be expected given the behavior of the Wilson coefficients that contribute to the
∆S = 2 Hamiltonian), but even when vF = 0.1k, the correction does not, for any of our
sample points, represent an unreasonable fraction of total observed indirect CP violation.
Even if there were a point in parameter space such that the vF = 0.1k contribution to
K were unacceptably large, this contribution decreases so rapidly as vF/k increases that
we can easily evade such constraints by increasing vF only slightly, to 0.2k or higher. As
such, indirect CP violation in the K¯0 −K0 imposes negligible, if any, constraints on our
model; even conservatively all we can really assert is that vF must not be unreasonably
small, or in other words, vF >∼ 0.1k.
We conclude our remarks on K¯0−K0 mixing with one final note: We have found nu-
merically that the contribution to the ∆S = 2 Hamiltonian of a1−4 exchanges is identically
zero, making the exchange of the bulk scalars H1−4 the sole contributor to CP violation in
this sector. Intuitively, this can be seen as a manifestation of the flavor charge conserva-
tion that protects this mixing from contributions from the vector gauge bosons, however,
as a detailed exploration of this phenomenon would involve discussing suppression mech-
anisms for an already suppressed (by powers of the quark masses) operator, we omit any
further investigation of this phenomenon here.
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Figure 5: the contribution to |K | emerging from new physics in our model, compared to
its experimental value (2.228± 0.011)× 10−3. Different colors represent different sample
points in parameter space.
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7.2 B0 − B¯0 Mixing
We now discuss the constraints on new physics stemming from B¯0−B0 mixing within our
model. Notably, we find that any 4-quark operators in B¯0s − B0s mixing stemming from
gauge boson exchanges vanish in our model, by the same reasoning as we applied in Section
7.1 when discussing K¯0−K0 mixing. Unlike the case of K¯0−K0 mixing, however, there
is no mixing parameter sensitive enough to the highly suppressed operators emerging
from scalar exchanges in order to merit even a somewhat quantitative investigation of
these effects; rather, we simply ignore them. Turning our attention instead to B¯0 − B0
mixing, we see that because the first- and third-generation down-like quarks mix freely in
our model, the contributions to the mixing parameters in this sector from both SM and
SU(2)F×U(1)F gauge bosons are unsuppressed. We can then compute 〈B¯0|H∆B=2eff |B0〉 in
much the same manner as we computed 〈K¯0|H∆S=2eff |K0〉 in Section 7.1, the only differences
being our substitution of B meson hadronic matrix elements (extracted from [51]) rather
than the matrix elements used in 7.1, and the operator definitions in Eq.(168) undergoing
the substitution, s → b. In terms of the four-fermion operators computed in Section 6,
we determine the non-zero Wilson coefficients to be
CB1 (MKK) =
1
3
(CddLL)
g
31;31 + (C
dd
LL)
γ
31;31 + (C
dd
LL)
Z
31;31 + (C
dd
LL)
B
31;31 +
3∑
i=1
(CddLL)
Ai
31;31, (174)
C˜B1 (MKK) =
1
3
(CddRR)
g
31;31 + (C
dd
RR)
γ
31;31 + (C
dd
RR)
Z
31;31 + (C
dd
RR)
B
31;31 +
3∑
i=1
(CddRR)
Ai
31;31,
CB4 (MKK) = −2(CddLR)g31;31,
CB5 (MKK) =
2
3
(CddLR)
g
31;31 − 4(CddLR)γ31;31 − 4(CddLR)Z31;31 − 4(CddLR)B31;31 − 4
3∑
i=1
(CddLR)
Ai
31;31.
Running these coefficients down to the scale mb = 4.18 GeV of the hadronic matrix
elements given in [51], we can now evaluate 〈B¯0|H∆B=2eff |B0〉. In order to determine how
the RS contributions to this process constrain the theory, we now divide the dispersive
mixing amplitude we have derived above, (namely, just the expectation value MB12 =
〈B¯0|H∆B=2eff |B0〉/(2mB), where mB = 5.28 GeV is the mass of the B0 meson) by one-loop
electroweak SM contribution [52],
(MB12)SM =
G2Fm
2
WηBmBBBf
2
B
12pi2
S0(m
2
t/m
2
W )(V
∗
tdVtb)
2, (175)
where ηB ≈ 0.84 is a QCD correction, S0(x) is the Inami-Lim function [52, 53], BB is
a QCD bag parameter extracted from the same hadronic matrix elements as were used
in evaluating the RS contribution MB12, and fB is the B meson decay constant. We now
follow [54] and parameterize the ratio of (MB12)RS to (M
B
12)SM as
(MB12)RS
(MB12)SM
= hde
2iσd , (176)
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Figure 6: hd−σd scatter plots for the full sample of parameter space points, for gA = gB =
0.1 and vF/k = 0.1 (top left), gA = gB = 1.0 and vF/k = 0.1 (top right), gA = gB = 0.1
and vF/k = 1.0 (bottom left), and gA = gB = 1.0 and vF/k = 1.0 (bottom right). The
blue represents the 68% CL experimental allowed region, the green represents the 95%
CL region, and the orange represents the 99.7% CL region [54]
where (MB12)RS is the contribution to M
B
12 stemming entirely from tree-level RS contri-
butions, and hd and σd are real parameters. We can then compute hd and σd for the
points in parameter space that we have numerically sampled, and compare the results to
existing constraints based on a global fit of meson mixing observables to new physics [54].
A scatter plot of our numerically sampled parameter points in the hd − σd plane is is
presented in Figure 6, for different values of the bulk SU(2)F ×U(1)F coupling constants
gA,B and the bulk vev vF .
Notably, in the general case hd can be unacceptably large. In fact, we find that hd
can even in some cases obtain values of as high as O(10). Since our sampling of points
is by no means guaranteed to be unbiased, however, this does not necessarily indicate a
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fine-tuning problem. It does, however, give us significant information about the region of
model parameter space that are acceptable, and the B¯0 − B0 constraints represent the
strongest constraints on the parameter space of our model. In particular, we notice that
the B¯0 − B0 constraints are particularly sensitive to the value of the bulk localization
parameter νT (as described in Section 5.2). In Figure 7, we depict histograms of this
parameter for several values of gA,B and the bulk vev vF . Clearly from the Figure, the
points in parameter space that recreate the quark masses and mixings with a νT above
∼ −0.25 are generally excluded by the B¯0 − B0 mixing constraints. Given its strong
influence on the bulk localization of the third-generation SU(2)L doublet quarks, this is
unsurprising: There exist a number of points in our parameter space that recreate the
CKM matrix and the observed quark masses with an O(1) and positive νT , indicating
highly TeV-brane localized bL and tL quarks, however, it is well-known that a more TeV-
brane localized fermion field is more strongly coupled to the KK modes of bulk gauge
fields. As a result, these points in parameter space are more subject to large new flavor-
changing neutral currents featuring bL than those which have a more negative νT .
We also note that the B¯0 − B0 constraints have a significant effect on the various
bulk Yukawa coupling terms permitted in our model, which we depict in histograms in
Figure 8. In particular, we see that the bulk Yukawa coupling yQ, which parameterizes
the bulk mixing between the third and first generations of the SU(2)L doublet fields, is
visibly favored to be smaller in parameter space points which satisfy the constraints on
B0 meson mixing. This is, again, unsurprising; as yQ is smaller, the mixing between the
first and third generation states in the final theory diminishes, which in turn results in
smaller flavor-changing neutral currents between these generations.
Next, we comment briefly on the sensitivity of our constraints to the SU(2)F ×U(1)F
gauge coupling constants and the bulk vev vF . In Figure 9, we attempt to explore the
relative contribution of the new flavor gauge boson to the B¯0 − B0 mixing parameters
compared to that of the KK modes of the SM gauge bosons by plotting the quantity,
(hfull − hSM(KK))/hSM(KK), where hfull is the computed value of hd where all contributions
are included, while hSM(KK) is hd where only contributions from KK towers emerging from
SM gauge boson fields (Z, the photon, and the gluon) are included in the computation.
Notably, we see that for stronger couplings (gA,B ∼ 1), the effects of the exchange of
flavor gauge bosons can rival that of the KK modes of SM bosons. Intuitively, this is to
be expected, since at gA,B ∼ 1, the gauge coupling strength of the SU(2)F ×U(1)F bosons
is roughly equivalent to that of the strong force, which should [8] dominate the SM gauge
boson contribution to these parameters. If vF is low, we find that the contribution from
the flavor gauge bosons can even significantly exceed the contribution from the SM gauge
fields, representing more than two thirds of the computed value of hd for some parameter
space points with vF = 0.1, gA = gB = 1. We also note that in the majority of cases,
the effects of the flavor gauge bosons interfere constructively with the effects of the SM
gauge bosons; with the flavor gauge bosons included, hd is almost invariably larger than
the value computed with just the Z, photon, and gluon KK tower contributions. This
can be easily seen from the number of points which are within the 95% CL allowed region
of hd − σd space with various choices of the flavor gauge couplings: For gA = gB = 0.1
and vF = 0.1k, 17173 of our sampled points have hd and σd within this range, however,
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Figure 7: Histograms of the parameter νT , for gA = gB = 0.1 and vF/k = 0.1 (top left),
gA = gB = 1.0 and vF/k = 0.1 (top right), gA = gB = 0.1 and vF/k = 1.0 (bottom left),
and gA = gB = 1.0 and vF/k = 1.0 (bottom right). The blue represents points which
satisfy the 68% CL experimental limit in the hd− σd plane, the green represents the 95%
CL region, the orange represents the 99.7% CL region, and the beige includes all points
in our sample pool, with no hd − σd constraints.
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Figure 8: Histograms of the yQ, for gA = gB = 0.1 and vF/k = 0.1 (top left), gA =
gB = 1.0 and vF/k = 0.1 (top right), gA = gB = 0.1 and vF/k = 1.0 (bottom left), and
gA = gB = 1.0 and vF/k = 1.0 (bottom right). The blue represents points which satisfy
the 68% CL experimental limit in the h − σd plane, the green represents the 95% CL
region, the orange represents the 99.7% CL region, and the beige includes all points in
our sample pool, with no hd − σd constraints.
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Figure 9: The dependence of the parameter hd on gA,B for vF = 0.1k (top left), on gA,B
for vF = k (top right), and on vF for gA,B = 1.0 (bottom), for different points in our
sample parameter space, as represented by curves of different colors.
for the choice gA = gB = 1.0, only 10286 points of the same sample pass the cut.
Before concluding our discussion of the B¯0 − B0 mixing parameters we note that
our choice of normalization of various dimensionful bulk parameters in Section 2 in fact
has a significant impact on our qualitative conclusions here. For example, if in lieu of
writing the bulk vev as vF/
√
2pirc, we were instead to write the equally valid v
′
Fk
1/2, this
would have the effect of increasing our effective vev in all of our computations by a factor
of
√
2pikrc ≈ 8.43, and as a result, the parameter space that would seem ”natural” with
v′F ∼ O(1) (although it should be noted that naturalness is not a good guide for the values
of parameters here) differs dramatically from that which has vF ∼ O(1). In particular, for
v′F ∼ O(1), we find that the contribution from the flavor gauge bosons to h is so suppressed
that it is more than two orders of magnitude smaller than the contribution from the SM
gauge bosons. However, as the results of these computations become nearly equivalent to
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the regime where gA,B is small (for example, gA = gB = 0.1), we do not further explore
the effects of altering our normalization choices for vF or any other parameters.
7.3 D − D¯ Mixing
We now discuss constraints on our model arising from D− D¯ mixing. Our treatment here
closely resembles that of our treatment of K¯0 − K0 and B¯0 − B mixing in Sections 7.1
and 7.2, in that we evaluate the ∆C = 2 Wilson coefficients in the Hamiltonian at the
scale MKK and run them down to the scale of 3 GeV, at which scale hadronic matrix
elements for the general set of ∆C = 2 operators are given in [55]. Ignoring the effects
of the scalars again, the non-zero Wilson coefficients CDi are easily found in analogous
expressions to those of Eq.(174); we arrive at
CD1 (MKK) =
1
3
(CuuLL)
g
21;21 + (C
uu
LL)
γ
21;21 + (C
uu
LL)
Z
21;21 + (C
uu
LL)
B
21;21 +
3∑
i=1
(CuuLL)
Ai
21;21, (177)
C˜D1 (MKK) =
1
3
(CuuRR)
g
21;21 + (C
uu
RR)
γ
21;21 + (C
uu
RR)
Z
21;21 + (C
uu
RR)
B
21;21 +
3∑
i=1
(CuuRR)
Ai
21;21,
CD4 (MKK) = −2(CuuLR)g21;21,
CD5 (MKK) =
2
3
(CuuLR)
g
21;21 − 4(CuuLR)γ21;21 − 4(CuuLR)Z21;21 − 4(CuuLR)B21;21 − 4
3∑
i=1
(CuuLR)
Ai
21;21.
The renormalization-group running can then be performed with the same ADMs as used
in Section 7.2, after which we can use the evolved coefficients to evaluate 〈D¯|H∆C=2eff |D〉.
To extract constraints from this calculation, we refer to [56], which includes the results
of a global fit for the parameter,
x12 ≡
|〈D¯0|H∆C=2eff |D0〉|
mDΓD
, (178)
where ΓD = 2.438 ps
−1 is the D meson’s measured decay width. In order to determine
whether a point is phenomenologically acceptable, we then simply follow [57] and require
that our computed x12 stemming from new physics does not exceed the maximum value
allowed by the results of the [56] fit; specifically, we require our computed x12 to be below
the upper edge of the 95% CL interval for the best fit of this parameter, 0.63%.
In Figure 10, we include histograms of the computed x12 values among our sampled
points in parameter space at various values of vF and gA,B, with sets of points within
the 68%, 95%, and 99.7% CL for the B¯0 − B0 observables plotted separately and color
coded. There are two immediately salient characteristics of this plot: First, that even
after applying cuts based on the B¯0 − B0 observables, the cut on x12 is quite stringent,
eliminating most remaining points, and second, that there is little in the way of apparent
correlation between points which satisfy the D¯0 −D0 constraint and those which satisfy
the B¯0 − B0 one; the histogram exhibits very little shape change, other than an obvious
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change in normalization, when progressively harsher B¯0 −B0 requirements are imposed.
The model’s computed contributions to x12 also exhibit one significantly different
behavior from the contributions to B¯0−B0 mixing parameters– namely, that the minimum
contribution to x12 among points in our parameter space is still non-negligible. Due to
this fact, and the fact that any RS contributions to this observable will exhibit a roughly
inverse squared dependence on the KK mass MKK (up to RG effects on fermion masses
and the Wilson coefficients of new physics operators), we can use the x12 constraint to
roughly estimate a lower bound on MKK in this model, even if bounds from electroweak
precision measurements are ignored (perhaps ameliorated by a custodial symmetry). We
find that at MKK ≈ 3.3 TeV, none of our parameter space points can satisfy the x12
constraint any longer, and hence, we can roughly estimate that MKK >∼ 3.3 TeV can be
thought of as an extreme lower bound of MKK within our model, arising from D¯
0 −D0
meson mixing constraints.
Meanwhile, it is readily apparent from Figure 10 that differing choices of the param-
eters vF and gA,B have a limited effect on the fraction of points in parameter space that
are of phenomenologically viable x12. To explore the effect of the flavor gauge bosons
further, we plot the quantity (x12 − xSM(KK)12 )/xSM(KK)12 (in analogy to our discussion of
h in Section 7.2) in Figure 11, where x12 is the complete computed contribution of new
physics to this parameter and x
SM(KK)
12 includes only the contribution from KK towers of
SM gauge bosons, omitting those of the flavor gauge bosons, for a small sample of points
at various choices of vF and gA,B. We find (from more robust sampling than depicted
in Figure 11) that in contrast to the case of B¯0 − B0 mixing, the flavor gauge bosons’
contributions to x12 will negatively interfere with the SM gauge bosons’ contributions in
approximately as many points in parameter space as they positively interfere with them.
We also note that the overall level of the contribution is smaller; within the space of gA,B
we consider, the flavor gauge boson contribution does not frequently exceed O(10%) of
the contribution from the SM gauge bosons. In support of the hypothesis that the flavor
gauge bosons’ contributions to x12 are as likely to interfere destructively with the SM
gauge bosons’ contributions as positively, we find that unlike the case of the B¯0 − B0
constraints, the total number of points of the parameter space which pass the D¯0 − D0
constraints is largely agnostic to the magnitude of the coupling constants gA,B. For ex-
ample, in the case where vF = 0.1k, where due to our low vev we would expect sensitivity
of the flavor gauge boson operators to changes in gA,B to be maximized, 14.5% of our
sample points that lie within the 99.7% CL range of the B¯0 −B0 parameters also satisfy
our D¯0−D0 constraints if gA = gB = 0.1, however, if instead gA = gB = 1.0, we find that
the same figure is 15.6%; compared to the fact that the number of points which pass the
99.7% CL constraint on the B¯0 − B0 parameters at gA = gB = 0.1 is nearly double that
of the case where gA = gB = 1.0, the overall sensitivity of the D¯
0 −D0 sector to changes
in gA,B is practically insignificant.
In terms of favored regions of the parameter space, the most salient pattern among the
parameter space points that satisfy the new D¯0−D0 requirement is that the parameters νU
and νu are pushed further negative, indicating, perhaps unsurprisingly, that the D¯
0−D0
constraints strongly favor regions in which the first two up-like quark generations are
localized closer to the Planck brane, and as such are less strongly coupled to KK gauge
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Figure 10: Histograms of the x12, for gA = gB = 0.1 and vF/k = 0.1 (top left), gA =
gB = 1.0 and vF/k = 0.1 (top right), gA = gB = 0.1 and vF/k = 1.0 (bottom left), and
gA = gB = 1.0 and vF/k = 1.0 (bottom right). The blue represents points which satisfy
the 68% CL experimental limit in the hd − σd plane, the green represents the 95% CL
region, the orange represents the 99.7% CL region, and the beige includes all points in
our sample pool, with no hd − σd constraints.
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Figure 11: The dependence of the parameter x12 on gA,B for vF = 0.1k (top left), on gA,B
for vF = k (top right), and on vF for gA,B = 1.0 (bottom), for several different points in
our sample parameter space.
70
01000
2000
3000
4000
5000
P
o
in
ts
-0.600 -0.575 -0.550 -0.525 -0.500 -0.475 -0.450 -0.425 -0.400νU 0
1000
2000
3000
4000
5000
P
o
in
ts
-0.600 -0.575 -0.550 -0.525 -0.500 -0.475 -0.450 -0.425 -0.400νU
0
1000
2000
3000
4000
5000
P
o
in
ts
-0.600 -0.575 -0.550 -0.525 -0.500 -0.475 -0.450 -0.425 -0.400νU 0
1000
2000
3000
4000
5000
P
o
in
ts
-0.600 -0.575 -0.550 -0.525 -0.500 -0.475 -0.450 -0.425 -0.400νU
Figure 12: Histograms of the νU for gA = gB = 0.1 and vF/k = 0.1 (top left), gA =
gB = 1.0 and vF/k = 0.1 (top right), gA = gB = 0.1 and vF/k = 1.0 (bottom left), and
gA = gB = 1.0 and vF/k = 1.0 (bottom right). The orange represents points which satisfy
the 99.7% CL experimental limit in the hd − σd plane, and the magenta represents the
subset of these points which also satisfy the constraint x12 < 0.63%.
bosons. This pattern is easily depicted via histograms of the relevant parameters; we do
so in Figures 12 and 13.
7.4 Other Constraints: ZbLb¯L, t→ Hc, and t→ Zc
We conclude our discussion of various constraints on our model parameters by discussing
several additional physics parameters that can in principle affect our model, but in practice
give no further constraints and are entirely independent of the effects of the new flavor
gauge bosons and bulk scalars. The first of these is the modification to the coupling
of the light SM-like Z boson to b quarks. In general RS models of flavor, the vertex
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Figure 13: Histograms of the νu for gA = gB = 0.1 and vF/k = 0.1 (top left), gA =
gB = 1.0 and vF/k = 0.1 (top right), gA = gB = 0.1 and vF/k = 1.0 (bottom left), and
gA = gB = 1.0 and vF/k = 1.0 (bottom right). The orange represents points which satisfy
the 99.7% CL experimental limit in the hd − σd plane, and the magenta represents the
subset of these points which also satisfy the constraint x12 < 0.63%.
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Zb¯LbL can be particularly problematic, because by necessity the third-generation SU(2)L
doublet quark field must be localized closer to the TeV-brane than the first- and second-
generation, and frequently must be close enough to experience significant corrections to
its SM couplings due to interaction with the KK gauge boson sectors. The correction to
the Zb¯LbL coupling is approximately given by [8]
δgbbL =
m2Z
M2KK
(−1
2
+
1
3
s2W )∆Zb¯LbL +
(mb)
2
2M2KK
δZb¯LbL (179)
where
∆Zb¯LbL ≡
1
4
(
1− 1
krcpi
)
−
3∑
i=1
|F (ηQi )|2
2
(
krcpi(U
d
L)
†
3i(U
d
L)i3
2 + ηQi
+
(UdL)
†
3i(4 + η
Q
i )(U
d
L)i3
2(2 + ηQi )
2
)
(180)
and
δZb¯LbL ≡
3∑
i=1
(UdR)
†
3i(U
d
R)i3
2− ηdi
(
1
|F (ηdi )|2
− 1 + |F (η
d
i )|2
2 + ηdi
)
(181)
Notably, the mb employed here is mb evaluated at the scale MKK , and is therefore
subject to a small correction from RGE. In Figure 14, we depict a histogram of the
computed Zb¯LbL couplings, both before and after constraints arising from B¯
0−B0 mixing
are applied. To estimate a constraint on the Zb¯LbL correction, we note that [58] derives
(from a fit of electroweak observables) a best-fit deviation of gbbL from its SM value of
0.0029 ± 0.0014. Notably, once even a comparatively weak (CL 99.7%) constraint from
the B¯0−B0 mixing sector is applied, the result is the complete elimination of any Zb¯LbL
coupling correction even beginning to approach our constraints.
The final flavor observables that we consider here are the FCNC decays, t→ cZ and
t→ cH. The Zt¯LcL and Zt¯RcR couplings are given (in the ZMA) by [8]
gtcL = (182)
− g
cW
m2Z
2M2KK
(
1
2
− 2
3
s2W
) 3∑
i=1
[
krcpi(U
u
L)
†
3i|F (ηQi )|2(UuL)i1
2 + ηQi
− (U
u
L)
†
3i|F (ηQi )|2(4 + ηQi )(UuL)i1
2(2 + ηQi )
2
]
− g
cW
mtmc
2M2KK
3∑
i=1
(UuR)
†
3i(U
u
R)i1
2− ηui
[
1
|F (ηui )|2
− 1 + |F (η
u
i )|2
2 + ηui
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krcpi(U
u
R)
†
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− (U
u
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†
3i|F (ηui )|2(4 + ηui )(UuR)i1
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,
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Figure 14: A histogram of δgbbL for all parameter space points (beige), those within the
99.7% CL region of the h − σd plane (orange), within the 95% CL region (green), and
within the 68% CL region (blue). The light blue region denotes the region δgbbL < 0.0043,
or the region in which the contribution to this parameter from our model is no greater
than the maximum bound of the 68% confidence interval of the best fit of δgbbL in [58].
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where g is the SU(2)L gauge coupling constant in the SM. The branching ratio B(t→ cZ)
is then given by [8]
B(t→ cZ) = 2(1− r
2
Z)
2(1 + 2r2Z)c
2
W
g2(1− r2W )2(1 + 2r2W )
{
|gtcL |2 + |gtcR |2 −
12rcr
2
Z
(1− r2Z)(1 + 2r2Z)
Re[(gtcL )
∗gtcR ]
}
,
(184)
ri ≡ m
pole
i
mpolet
.
We find that the effects of t → cZ are negligible. Among the sample of points that pass
the constraints from D¯0−D0 mixing and the 99.7% CL constraints from B¯0−B0 mixing
when gA = gB = 0.1 and vF = k, the least restrictive scenario we consider, we find that
the maximum branching ratio here is 4.7×10−5, and the average among this population of
points in parameter space is three orders of magnitude below this. Given that the current
95% CL upper limit on t→ Zq for q = u, c is ∼ 5×10−4 [59], this is entirely insignificant.
Meanwhile, the flavor-changing Higgs couplings of Ht¯LcR and Hc¯LtR are given in the
ZMA by [8]
gtLcRH =
(mt)
2mc
vM2KK
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and the branching ratio B(t→ cH) is given by [8]
B(t→ cH) =
√
2(1− r2H)2r2W
(1− r2W )2(1 + 2r2W )4m2WGF
(
|gcLtRH |2 + |gtLcR |2 +
4rc
1− r2H
Re[gtLcRH g
cLtR
H ]
)
(187)
We find, just as in the case of the t → cZ branching fraction, there is no significant
contribution to the t → cH process from the parameter points in our model. Among
those points in parameter space which pass our least stringent constraints from B¯0 −B0
and D¯0−D0 mixing, we find that the maximum branching fraction we observe is 7.4×10−6,
which is about 30 times larger than the mean value among this set of points. The current
95% CL upper limit on t→ Hc, meanwhile, is 1.6× 10−3 [59]. Hence, we can ignore this
effect as well.
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8 Discussion and Conclusions
Within this paper, we have developed an SU(2)F×U(1)F gauged quark flavor symmetry in
the framework of a warped extra dimension. To avoid flavor physics constraints, we have
broken this symmetry entirely in the extra dimensional bulk, producing new KK towers for
the flavor gauge bosons as well as for the bulk scalar fields which break the symmetry. Our
use of spontaneous symmetry breaking in the bulk necessitates the inclusion of KK towers
not just of the components of the bulk scalars that acquire a non-zero bulk mass, but also
those of physical fields arising from a mixture of the fifth components of the gauge fields
and the bulk Goldstone bosons created after SSB. For the first time to our knowledge, we
derive exact expressions for the bulk profiles and masses of the members of these latter
towers in the unitary gauge. In addition to fully breaking the gauge symmetry in the bulk,
our choice of bulk scalar vacuum expectation values maintains a flavor charge conserved
by interactions with the flavor gauge bosons, and as a result, the most troublesome flavor
observable in RS models, K , is insulated from unacceptably large corrections: The only
tree-level new physics contributions to this process arise from the exchange of bulk scalars,
and we have seen that these exchanges are highly suppressed for the SM-like quarks.
To probe the characteristics of our model further, we have performed a numerical probe
of possible points in parameter space by randomly generating 8000 sets of input brane-
localized Yukawa parameters, followed by performing a broad scan of remaining model
parameters in order to produce ≈ 2.3× 105 points in parameter space for us to examine.
By probing the tree-level contributions of the model to ∆F = 2 neutral meson mixing
processes, which the absence of a tree-level SM contribution renders particularly sensitive
to new physics, we find that there still exist a significant number of parameter points
which remain phenomenologically viable even if the KK scale MKK = k is set as low as 5
TeV. The dominant constraints on the model stem from B¯0−B0 and D¯0−D0 mixing. In
spite of being designed as a mechanism to protect certain sensitive flavor observables from
unacceptably large RS contributions (specifically K), our model does possess some specific
predictive power: In particular, our model leads to significant corrections of O(10%)
to B¯0 − B0 mixing observables even for points in parameter space not currently ruled
out by experiment, but does not anticipate similar corrections to any other down-like
neutral meson mixing observables, in dramatic contrast to models of RS without flavor
symmetry [21], and so is likely falsifiable in the near future with LHCb and Belle-II
data [54].
In addition to positing a specific model, this work hopes to elucidate the model-
building utility of gauge symmetries spontaneously broken in a warped extra dimensional
bulk, and leave the possibility open to a more robust exploration of its applications to
flavor physics (or other extended bulk gauge groups) in the future. In particular, the
gauge bosons and scalars arising from such symmetries are naturally hidden at the KK
scale, even if they possess identical boundary conditions to those of the SM gauge bosons
in the bulk, and the form of scalar couplings in the bulk will, in most realizations of
any fermion-coupled scalar sector, naturally provide substantial suppression to couplings
of the scalar fields to the SM-like fermions. In short, the use of spontaneously broken
bulk gauge symmetries provides an additional straightforward and effective method of
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restricting new physics in RS models with extended gauge sectors to higher energy scales.
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A Subleading Corrections to Wolfenstein Parame-
ters
In this section, we reproduce the subleading corrections (in hierarchies of the quark bulk
profiles) to the Wolfenstein parameters mentioned in Section 5.3, specifically Eq.(105).
∆λ2 ≡ −|Y¯t − Yu|
2s2H
|Y¯t|2c2Qc2H
∣∣∣∣F (ηQ1 )F (ηQ2 )
∣∣∣∣2 − 2Re[Y¯ ∗t − Y ∗u s2H ]c2uc2H |Y¯t|2
∣∣∣∣F (ηu1 )F (ηu2 )
∣∣∣∣2,
∆A2λ4 ≡
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∣∣∣∣2
The most salient feature of these expansions is the absence of any terms of the form
|F (ηdi )|2/|F (ηdi+1)|2; this is easily understandable by considering the form of the down-
like quarks’ brane-localized Yukawa matrix, given in Eq.(94). First, we note that any
subleading corrections to the Wolfenstein parameters in the ZMA ultimately stem from
corrections to the quark diagonalization matrices Uu,dL,R. In particular, because the only
off-diagonal terms in the down-like quarks’ Yukawa matrix occur between the first and
third generations, we see that any subleading corrections to the matrix UdL,R must include
only the ratios |F (ηQ,d1 )|2/|F (ηQ,d3 )|2, which, based on our assumption of hierarchical bulk
profiles (that is, |F (ηQ,u,d1 )| << |F (ηQ,u,d2 | << |F (ηQ,u,d3 )|) must be doubly suppressed, as
it is equal to the product of |F (ηQ,d1 )|2/|F (ηQ,d2 )|2 and |F (ηQ,d2 )|2/|F (ηQ,d3 )|2. As a result,
we find that we can omit all correction terms to the Wolfenstein parameters stemming
from UdL,R; they are numerically insignificant.
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